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A COMPARISON OF CERTAIN ELECTRICAL PROPERTIES 
ORDINARY AND URANIUM LEAD 

By P. W. Bridgman 

Jefferson Physical Laboratory, Harvard University 
Communicated, June 17, 1919 

A comparison of the physical properties of chemical isotopes is 
significance because of the light it may throw on the corresponc 
mechanisms. Comparisons of the properties of ordinary and uran 
lead have hitherto been made with respect to the atomic volume, 1 1 
moelectric quality, 2 and emission spectra. 3 No differences have \ 
detected, except possibly a very slight shift in one of the spectrum li 
It is not to be expected that large differences exist with regard to o 


fied ordinary lead. The radio-active lead was from.Australian farm., 
tite, and showed an atomic weight of 206.34, which is therefore n. II', 
lower than that of ordinary lead. I he theoretical and e\peiimental 
value for the atomic weight of the pure end product of the didntegr.t 
tion of uranium is 206.08, so that this sample was probably compn-ed 
of 76% pure isotope and 24%, ordinary lead. The radii* a. live lead 
contained not over 5 parts in 100,000 of impurity, mostly silver, am! 
the ordinary lead was a trifle less pure, showing also a trace of copper. 
For the experiments both these samples were forme.I into wire 0.035 
cm. in diameter by cold extrusion through a steel die. The sample* 
were cast into ingots ready for extrusion by Professor Richards, who 
melted them in hydrogen and then continual the fusion for ten minutes 
in vacuum. 

The measurements recorded here are comparisons of the pressure 
coefficient of electrical resistance, temperature coefficient of resist 
ance, and specific resistance. The comparison of pressure coell'n ienl 
of electrical resistance was made with more accuracy than the other 
measurements because a specially adapted apparatus designed for 
another purpose was available. 

In order to compare the pressure coefficients, approximately equal 
lengths of the two varieties of lead were wound non inductively on 
either end of a bone core, which was placed in the pressure chamber. 
The two terminals of each wire were soldered to independent leads 
which were brought through the walls of the pressure chamber through 
an insulating plug of a design essentially like that previously described. 1 
except that there were three, instead of one. insulated stems through 
the plug. The two wires were made the two extension coils of a Carev 
Foster bridge. In this way the difference of the pressure effects on 
the two coils could be measured. The absolute value of the pressure 
effect on ordinary lead had been previously determined with sufficient 
accuracy. 6 The apparatus for producing pressure was the same as that 
previously described. 8 

Readings were made to 12,000 kgm./cm. 2 at 1000 kgm. interval-., 
with increasing and decreasing pressure, and at two temperatures, 25" 
and 85°. An independent set of readings was made to determine the 
effect of pressure on the resistance of the leads, which turned out to be 
almost negligible. At 25° the decreases of resistance of the two kinds 
of lead under 12,000 kgm. were the same within 0.02%, of the total 
decrease, and at 85° within 0.03%. Assumino' <tvit u.,, 
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instrumental error in the readings would have been 0.04%. 
agreement is therefore as close as could be expected. At press 
lower than 12,000 the agreement of the readings was also always wi 
possible instrumental errors. 

The temperature coefficients were compared by comparing the 
sistances at atmospheric pressure at 25° and 85°, while still woun< 
the same bone core as was used for the pressure measurements. < 
this range the temperature coefficients differed by 0.06% of themse 
This is slightly greater than the possible instrumental error, h\ 
less than possible discrepancies due to differences of handling w 
I have previously found in different lengths from the same samp 
ordinary lead. 

The specific resistances were compared by comparing the a< 
resistances of the samples already measured. Correction for 
equalities of dimensions was made by measuring the length of 
sample and its weight, and from these computing the average cross 
tion assuming that the densities were directly proportional to 
atomic weights. 1 In order to measure the length, the wire had 1 
cut from the core, unwound, and straightened. Because of the 
chanical softness of lead, this is a difficult operation without errc 
that the comparison of specific resistance is less accurate than of 
sure or temperature coefficient. Two independent comparisor 
specific resistance were made. The discrepancies of these two com 
sons differed in sign; the average of the two comparisons showc 
agreement of specific resistance of 0.06%. 

C 'onclusion .—These measurements establish that any differenc 
tween the pressure coefficient of resistance, temperature coeff 
and specific resistance is at least many fold less than the diffe 
of the atomic weights. It seems indicated with a high degree of p 
bility that the same conclusion will be found also to apply to the 
pressibility and.thermal expansion. The results fortify the poi 
view embodied in recent theories of electrical resistance that the 
esses involved in electrical conduction take place in the outer p 
the atomic structure. 

1 Richards, T. W., and Wadsworth, C., 3rd, J. Amer. Cheni. Soc., Easton, Pa., 3 i 
(221-227 and 1658-1660). 

2 Richards, T. W., Year Book, Carnegie Inst., Washington, 16, 1917, (299-300). 

. 3 Aronberg, L., Aslroph. J., Chicago, 47, 1918, (96-101). 

4 Richar s. T. W., and Wadsworth, C., 3rd, J. Amer. Chem. Soc., 33, 1916, (2613 
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EFFECTS. 



A CRITICAL THERMODYNAMIC' DISCUSSION <>K TIIK 
VOLTA, THERMO-ELECTRIC' AND THERMIONIC 
EFFECTS. 

By P. W. Briiximan. 

Synopsis. 

In this paper the various relations between the Volta olivet, thnnm cl* Ui< 
effects, and thermionic effects are critically discussed from the* gearsai view point 
of thermodynamics, avoiding assumptions involving special merit,mi *mx 1 In¬ 

ordinary concept of an impressed E.M.F. is found inadequate, and a gesicul detail 
tion is proposed, competent to include systems in which the* fmve driving rF* tn* u\ 
has not the character of a spatially distributed field of force. A t hot lands namn 
proof, dispensing with all special assumptions, is given lor a tonmda lot fin* t*'tup«*iu 
ture coefficient of the Volta effect originally given by Lorentz and Kelvin. I he. 
temperature coefficient involves a surface heat, the existence <»t widt h ha > not \«i 
been established experimentally, and the possibility ol which is usually ovei lonlrtl 
It is shown that Richardson has neglected this surface heat, and that the lot inula 
of Lorentz and Kelvin may be deduced also from the phenomena ot thrt me >nu 
emission when the surface heat is taken into account. Formulas ate dedm «-d 
connecting the latent heat of vaporization of electrons, surface heal, suit act* b M !• . 
surface potential jump, Thomson heat, E.M.F. and potential gtadient. It h di**uu 
that in general local heat, potential difference, and E.M.F. cannot he equal !*» 
each other. An expression is found from thermionic consideiations h»t (hr Volta 
difference of potential between two parts of the same unequally heated metal 
and the possibility suggested of using this effect in determining the hvpothrtn al 
surface heat. It is shown that it is almost certain that in an unequally heated nwtat 
there are currents continuously flowing in closed circuits through the metal and th«* 
surrounding electron gas. It is shown that the Volta law of tensions must hr 
capable of extension to include the local potential jumps and E.M.F,’s, alt hough thr t** 
are not susceptible of direct measurement. Finally, expressions aie deduced tot the 
effects of pressure and change of state on the Volta contact difference ot potential 
These involve the change of volume with surface charge and the effect of jsiufaie 
charge on melting pressure; effects for which no search lias been made yet rxftets 
mentally. 

Introduction. 

TN a recent paper I have described the effect of pressure on the thermo 
electric properties of metals. In an effort to obtain as much inform¬ 
ation as possible from the results I later undertook to discuss the relations 
of thermo-electric phenomena to the Volta effect and the phenomena of 
thermionic emission. This discussion proved to be difficult because of 
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the nature of the Volta potential difference, and a locally absorbed he 
are all involved and discouragingly confuse the issues. Nearly 
previous discussions of these matters have involved special assumptic 
as to the relations of these phenomena. It is a question to what exte 
the correctness of the previous results depends on the special assumptio] 
In order that the discussion of the effects of high pressures might be fi 
from such elements of uncertainty, I have started at the beginning a 
examined the whole field from a single point of view. In this examir 
tion I have tried to avoid every special assumption, for instance assumi 
neither that the jump of potential at two metals in contact is equal 
the Volta contact difference, as does Kelvin, nor that it is equal to t 
Peltier heat, as do Heaviside and Richardson. The methods employ 
in this examination are largely the general methods of thermodynamf 
in this way the assumption of special mechanisms is avoided. T 
results of this critical examination constitute this paper. 

It turns out that a number of the previous results are unaffected 
the special assumptions under which they were developed. In Richai 
son’s work, however, I believe that I have discovered an effect whi 
he has neglected, and which will bring his formula for the temperati 
coefficient of Volta contact difference of potential into agreement wit I 
formula previously given by Loren tz and later by Kelvin. The eff< 
neglected is a hypothetical surface heat, whose existence has not 3 
been searched for experimentally and whose magnitude may well 1 
for any information we have at present, large enough to essentia 
modify many of the thermionic formulas. In the following a numt 
of thermionic formulas are given as modified by this effect. In additk 
the specific relations arc developed between the local E.M.F.’s, lo< 
potential jumps, and local heats which express the necessary relatic 
when these quantities are not assumed respectively equal, as has f 
quentlv been done previously. A connection is found between 1 
surface heat and the Volta difference of potential between two parts 
the same unequally heated metal. Finally the effects of pressure a 
change of state on the various effects are discussed from the point 
view of thermodynamics. 

Tine Concept of Impressed E.M.F. 

It is in the first place necessary to examine the concept of an impress 
E.M.F., because with the discovery of new facts, such as those of electi 
emission, the old concepts have become inadequate. As commoi 
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line integral of the “electric” force. The electric force is to he com¬ 
puted in the classical way from the held equations.. lit addi¬ 
tion to forces of electro-magnetic origin, however, it is nm-s^rv 
to recognize the presence of non-electro-magnetic forces acting on elec¬ 
tricity. For instance, in an electron gas in which there i- a i>m— un¬ 
gradient, the pressure gradient gives rise to a mm-elveiro-niagnetie Inin- 
acting on electricity. Such forces may be specifically introduced int.. 
our equations and are called “impressed forces," in the same wav that 
impressed forces are introduced into mechanics. In an elet tiiiul sv.-tem 
in which there are impressed forces it is usual to nrng. 

_ nizethe presence of an impressed it is this mu- 

p t r a cept of impressed E.M.F. and its relation t«» that of 

■ c- impressed force which requires examination. 

It is usual to connect in a simple way the impressed 
forces with the impressed E.M.F. A careful exposition 
of this point of view will he found in Abraham for 
example. Consider a conductor in which the eleetiidtv 

^_ is in equilibrium under the action of the eleefiic and 

Pi r i the impressed forces. We may denote the elerttie force 

^ by E 8 and the impressed force by /'/, Then since there 

is equilibrium, jE*+Z£ c = o. The impressed K.M.F. hr 
Fig- I- tween two points in such a system is usually defined as 
JE e ds. This analysis of the situation is inadequate, howe\ er, as the fol 
lowing considerations will show. 

Consider the behavior of a gas in a field of force, such as an otdtturv 
gas in a gravitational field or an electron gas in a potential field, l.et a 
portion of the gas originally at AB (Fig. i) rise isothermal!) under 
equilibrium conditions to CD. The work done by the pressures acting 
across the boundaries in this displacement is zero. This may be ptmed 
by a direct integration, or may be simply seen as follows; Consider the 
work done across the surfaces during a displacement shown by the dotted 
lines. The work done by the top surface in moving through this tits 


placement will be exactly neutralized at some later instant by the work 
received by the bottom surface in moving through the same displacement. 
Hence no net work will be done by the top and bottom surfaces together 
in the region CB. The total work of the operation will be that rec eived 
by the bottom surface in moving from A to B minus that done by the 
top surface in moving from C to D. The first is p x v u and the second is 
P 2 V 2 . But piv x = p 2 v 2 (isothermal). Hence no net work is done bv the 




We are here confronted with a paradox, the gravitational force bei 
always equilibrated by other forces, but the gravitational force doi 
work during a given displacement While the others do none. (There 
here no contradiction of the first law of thermodynamics, the ener 
required to increase the potential energy of position being provided 
heat inflow as the gas expands isothermally.) The solution of t 
paradox lies in the observation that the two forces concerned, the gra' 
tational force and the equilibrating forces, are entirely different in natu 
One is a body force, and the other a differential pressure, of the nature 
the stresses in an elastic solid. One would never think of saying thai 
gravitational force and the stresses called into play by it in an elas 
solid were equal to each other. Still less can one speak of the line integ 
of the equilibrating forces; such an expression can have only a forn 
meaning and cannot be equal to the work done by such forces duri 
the given displacement. 

It lollows that the concept of an impressed E.M.F. as the line integ 
of a non-electric force has a chance of being correct only in those ca: 
in which the non-electric force is in its nature a body force, like t 
forces of the electrostatic field. 

Before defining precisely what we shall mean by an impressed E.M 
it is to be noticed that the idea is a relative one, as in all cases of ener 
transformation. Consider a closed circuit, for example, in which eve 
one is pretty well agreed in calling the impressed E.M.F. the work dc 
when unit quantity of electricity flows around the circuit. But wc 
done on what? If the circuit consists of a dynamo and a motor, sh 
we mean the total work done by the motor, or the net work of dynai 
and motor together? It must be obvious that to give impressed E.M 
a precise meaning wc must divide our universe into two parts; one is 1 
part in which the action takes place which we specify as E.M.F., a 
the other we shall call the “outside” part, on which the action of i 
impressed E.M.F. is expended. We could therefore say that the i 
pressed E.M.F. of a closed circuit is the energy, including heat, delivei 
to “outside” agencies when unit quantity of electricity flows a roe 
the circuit. In the example above, the motor may be taken as the o 
side agency to which energy is delivered by the E.M.F. of the dyna 
when unit quantity flows. 

With this recognition that impressed E.M.F. involves the specifi 
tion of some outside agency to receive energy, and that the magniti 
of the E.M.F. will depend on the choice of the outside agency, we del 
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in the direction B to A is the energy delivered t<> "Ut-ide ay.-nri.- 
per unit quantity when positive electricity pusses tmm /> to !, pin 
the increase of energy of the electricity, including in tin-- huh in. n 
of energy in the electro-magnetic field and intrinsic energv .a- ha rvniq.i. 
in an electron gas).” This reduces to the ordinary <lcfmiti< at i. n a < In ., d 
circuit, and for a battery on open circuit with terminal' ot the ■..nut 
metal reduces to the electrostatic potential difference <.t the terminal-., 
as it should. By “energy per unit quantity " as used in the delmitnai 
is to be understood the limit of the ratio of energy to quantity t.a qti.iuli 
ties sufficiently large. That is, the distinction entphasi/ed In I ..neat/ 
between “mathematical” and “physical” infinitesimals F to lie kept in 
mind, and in the limiting process contemplated in this definition the 
“physical” infinitesimal quantity of electricity is large enough to in. lade 
many electrons. 

The discussion of this paper will be largely concerned with thettno 
electric processes, in which heat energy is converted into el.vtr it a! run i: \. 
This point of view demands that all the heat processes t mmo n ,| with 
this conversion, except the irreversible Jotileau heat, lie a-a tib.-d to the 
internal part of the system whose E.M.F. is discussed, as oppo-.i d to the 
outside agencies which receive the converted energy. In pat ti< ul.u , tin- 
reversible Peltier heat in a thermo-electric circuit is tint to he to .it. d a ■ 
energy delivered to an “outside” source. 

These views of impressed E.M.F. are not in agreement with tlm-,,- 


commonly held. Consider, for instance, the example ut the rh<tii< 
double layers which may exist on the surface of separation of metal and 
ether. The existence of such layers demands a jump in the electro.t.iti< 
potential. It is common to say that in this double layer ih.-o* j-, 


equal and opposite impressed E.M.F. 1 The argument is that oth.-twi 
the electricity in the double layers could not be in equilibrium, lint 
the argument is not valid if the non-electrical forces an* diltetmi it, 
nature from the electrostatic forces. We have seen in one special . 
that the non-electrostatic forces may be like the stresses ot au elastic 
body, instead of like body forces. In the case of double surface lav«-, . 
we have the further possibility that there may be fc.rc.-s of the natuo- 
kinetic reactions due to bombardment by flying electrons. Such forces 
are certainly not like body forces in nature. Furthermore, the eqttili 
bnum argument demands an inexhaustible supply of freely movable 
electricity in the surface layer; we have no assurance that this elect,ieitv 
is present. In this paper my position is that it is not justifiable to put 
local impressed E.M.F. 's equal to local potentia, , sb „ 
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The Volta Effect. 

The Volta efleet next concerns us. There has been continuous dis¬ 
cussion over this without yet any final agreement. There is, however, 
no question regarding the fundamental experimental facts. If two pieces 
ol metal, say Cu and Zn, are brought into metallic contact, it is found 
that points in the surrounding medium, gas or vacuum, immediately 
outside the surfaces of the two metals, are at a difference of potential 
characteristic of the metals and the medium. When the medium is a 
perfect vacuum we define the potential as the true Volta potential dif¬ 
ference. This difference may be measured in the regular way as the 
limit of the ratio of the work done on an electrostatic charge to the 
charge as the charge is made smaller. 

The existence of a Volta potential difference follows as a matter of 
necessity if we suppose jumps of potential between the interior of Zn 
and ether, interior of Cu and ether, and between interior of Zn and Cu. 
The Volta jump Zn-Cu is the sum of the jumps ether-Zn, Zn-Cu, and Cu- 
ether. These jumps of potential demand the existence of corresponding 
double layers at the corresponding surfaces of separation. The precise 
strength of each double layer must remain conjectural as long as we have 
no method of determining the potential of points inside the metal. On 
the surfaces of Zn and Cu there is, in addition to the double layers, such 
a distribution of true electricity that under its action and that of the 
double layers, as computed by the law of the inverse first power, the 
space immediately outside the surface of each conductor is at constant 
potential, the potentials outside each conductor differing by the char¬ 
acteristic difference. If the geometrical configuration of Zn and Cu is 
changed, the single charges redistribute themselves on the surface so 
as to continue to satisfy the conditions. In particular, if Zn and Cu 
are made in the shape of plates, we may get the well known condenser 
action as their distance apart is varied. 

The Volta potential difference is maintained automatically by some 
mechanism in the metal. A consequence of this is that if two pieces of 
Zn and (hi are charged out of contact with each other to a potential 
difference V (as measured between points in the surrounding ether 
immediately outside each metal), and are then brought into contact 
with a drop of potential difference to V zc (where V Zi , is the Volta dif¬ 
ference), and passage of an amount of electricity E, the amount of elec¬ 
trical energy yielded by the system available to outside agencies is 
n\(V- Vtr)/2]. 

It may be shown by detailed analysis of any cyclic process involving 
the Volta effect that such a mechanism, automatically maintaining a 
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constant difference between the metals, does not him.1m- a mo).i mu . 
the first law of thermodynamics. . . . . . 

Up to the present no way has been discovered ot mnLiinu; the lump- 

potential involved in the Volta effect. There luue, Imuemm l«vu lu 
principal points of view. One is that between poutm m diUnnil iiiH.i 
on opposite sides of a surface of separation there m a m ix mm 

potential jump, numerically equal to the Peltier heat, and that tl 
characteristic jumps are located between the metal and the ether; *ht 
the other point of view is that there is no jump bet wren nuial ar 
ether, but that the entire Volta jump takes place between points will 
in the metals, on opposite sides of their surface ot hcp.uutiou. In tl 
following I shall assume neither of these extreme poMtimm but *h. 
assume potential jumps and the corresponding double la\oi , but 
between metal and ether and between metal and metal, mibiet 1 to tl 
single restriction that the sum of the jumps gives the obsmnl Y«»l 


jump. 

As already mentioned I shall not assume that there are impiesst 
E.M.F.’s at the surfaces equal and opposite- to the pointful iumf 
Neither shall I make the assumption, to me entirely unjustifiable, th 
at the surface of separation of two metals here is an impressed K.M . 
equal to the Peltier heat. Electricity must now be reeogiti/rd a*. 
substance capable of possessing kinetic and potential energy. I ml 
these conditions there is no necessary connection between met eh ti 
heat and work absorbed when electricity passes I rout one locality 


another. 


The Thermo-Electric ('irctit. 


We are now in a position to discuss the ordinary thermo electi 
circuit. In order to have the’ entire situation immediately before us 
will pay to reproduce the usual analysis. Consider a circuit of two met, 
A and B with junctions at t and t + At. The thermo-electric acii< 
shall be in such a direction that current flows from A to B at the ii 


junction. In practise the current usually attains such a value that t 
energy input is all used in overcoming Ohmic resistance, but we titigl 
if we pleased, insert an electromagnetic engine in the circuit and obt.i 
useful mechanical work. For the present we disregard (lie irre verst f 
aspects of this process, and assume that the circuit may In* treated li 
a perfect thermodynamic engine. The first law of tlicrmodynaui 
states that in any closed cycle the energy input equals the energy out pi 
We will take the closed cycle to be constituted by the flow around t 
circuit of unit quantity of electricity; this extension of the idea of ey< 
is justified by the fact that after completion of the process every pi 
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of the system has returned to its original condition, and so there has 
been no change of internal energy. The energy output of the cycle is 
that which might be obtained from the current by an electro-magnetic 
engine, and for unit quantity of electricity is simply equal the E.M.F. of 
the circuit measured in appropriate units. We denote this E.M.F. by 
AEq, where E 0 is the E.M.F. of the cycle between the fixed lower tem¬ 
perature t Q and a variable upper temperature. The energy input of the 
cycle is heat input and occurs in four places: at the two junctions and 
in the two metals A and B. At the junction the reversible heat generated 
is called the Peltier heat. We denote by Pab the heat absorbed by unit 
quantity of positive electricity in flowing from A to B. In a steady 
state, heat absorbed by the current is provided by an inflow of heat 
from the surroundings. In virtue of reversibility, Pab = — Pba • In 
the wires themselves there is also the reversible Thomson heat. We 
denote by <r A the heat absorbed by unit quantity of positive electricity 
in flowing in the metal A from a lower temperature to a temperature 1 
degree higher, a corresponds to the “specific heat” of electricity. 
Pab, o'a, and cr B are all functions of the temperature. It is a matter of 
experiment that cr docs not depend on the temperature gradient. 

There have been in the past numerous attempts to show that cr does 
depend on the temperature gradient, but the overwhelming concensus 
of opinion has been that all such supposed effects are to be explained by 
local inhomogencities in the metal. Recently, however, Benedicks ( 3 ) 
has reopened the question, claiming to have established the existence of 
a legitimate effect. As far as his work on solids goes, a paper by Foote 
and Harrison ( 4 ) seems to me to fully meet the situation. With regard 
to liquid mercury I had, before knowing of Benedick’s work, found 
negative results ( 5 ). I had shown that positive results will be obtained 
unless the apparatus is symmetrically located in the gravitational field. 
Benedicks does not mention any precaution of this nature, and I believe 
that his positive results are to be explained in this way. I shall assume 
in this paper that the effect does not exist. 

The first law applied to the cycle now gives at once 


or 


AEo = Pab{^ + A£) — <r B At — Pab + <?A&t, 


dE Q dP ab 

= ° A - CB + ~~dT- 


(1) 


In virtue of the experimental fact that the E.M.F. of a circuit from 4 to 
4 plus that of one from 4 to 4 is equal that of a single one from 4 to 4, 
dEo/dt is independent of 4, and we write simply dE/dt, where the 4 
from which E is measu e need i ot be SDecified. and in particular has 
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relation to the temperature at which (he «r„ ««. .<..-1 dr AU dt '•* «»"• 


equation are taken. 

The second law may also be applied, giving 


P AB ( t + At) _ _ _ Pah , * & 

t + At i + At/2 t t ( At 


This may at once be rewritten in the form 


a ( Pa,< \ _l ~ 1 " w - o 


and gives in the limit 


l(^) + r (<rj,_or, ' ) !=w ' 

We may now eliminate a a &B or Pah between I and *\ «4 »f«. i ii i i iii 


Pab = t 


C/B &A — t 


In order to show that the E.M.F. is in such a direction that the etinrtt 
flows from A to B at the hot junction, we write E with tie* .subscript 
A and B. 

Two aspects of these equations require discussion; first the irre\er-dbl 
aspects of the process, and second the location of the K.M.K. 

There are two irreversible processes always involved in any tlieiino 
electric circuit ; generation of Joulean heat by the current in oven** unite 
the resistance of the wire, and conduction of heat from the hotter to th 
colder end of the wire. In the early clays of the subject it did not sort! 
very' objectionable to entirely disregard these effects, because of th 
probability that they were due to entirely unrelated parts of the mrrhais 
ism, so that it would be conceivable that a metal might exist with th 
same thermo-electric properties as any actual metal, hut with negligibl 
thermal conduction and Joulean heat loss. But with the rise of electt»» 
theories of metals it became exceedingly probable that all these effect* 
reversible and irreversible, are tied together by the same merhanbit 
so that we cannot, at least without justification, assert that any aspec t i 
unimportant. It was this feeling which inspired Lorentz’s article in tli 
Wolfskehl conference collection. (6) Thomson also always regarded tls 
thermodynamic argument as by itself unsatisfactory, and looked o 
the equations obtained by the method above merely as suggestive re I* 
tions to be tested by experiment. 

It is not unusual in elementary text books to find the statement tin 
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by properly choosing the dimensions of the circuit the irreversible aspects 
may be made vanishingly small. An argument by Boltzmann ( 7 ) in a 
much neglected paper shows, however, that this is not true, but that the 
ratio of irreversible to reversible heat can be reduced only to a minimum, 
not zero, by a proper choice of the constants of the circuit. Work is 
extracted from the circuit reversibly by an electro-magnetic engine of 
properly chosen back E.M.F. The dimensions of the parts of the circuit 
and the magnitude of the back E.M.F. are the only variables under our 
control. Suppose now that the best construction possible has been given 
to the circuit by a proper choice of all the independent variables. We 
may write down the thermodynamic inequalities that hold for an irre¬ 
versible process, and obtain a necessary condition between the electrical 
and thermal conductivities and the thermo-electric constants. This 
condition is given by Boltzmann and is 

dE 

t-fo - p = 2^4 <t, ( 5 ) 

where 

A = R A ll 2 K A ' f2 + R b 1 / 2 Kjb 1!2 

and Ra = specific electrical resistance of A, 

Ka = specific thermal conductivity of A , 

with corresponding letters with subscripts B for the corresponding 
properties of B. 

The necessary condition written down above on the assumption that 
the reversible and irreversible aspects of the thermo-electric circuit are 
inextricably tied together to form one essentially irreversible process is 
not one which in practice imposes any useful restriction on the constants. 
2A V/ is in nearly every known case greater than t-dEjdt alone, which 
may always be made positive by a proper arrangement of the metals, 
and is thus necessarily greater than t-dE/dt — P, because in every known 
case P is also positive when t • dE/dt is made positive. Experimentally, 
t-dE/dt is fairly easy to determine accurately, the difficulty being with 
P. So long, therefore, as t • dE/dt alone is less than 2A Vtf, no amount of 
experimental inaccuracy would vitiate the inequality, which thereby 
loses all interest. 

Many direct experimental attacks have been made on the question 
of the equality of t • dE/dt and P, but the experimental difficulties are 
great, and the experimental verification is still far from complete. Thus 
it was not until 1906 ( 8 ) that the reversibility of the Peltier heat was 
shown with any accuracy, the reversibility usually being assumed in 
experimental work and used as a means of eliminating the Joulean heat. 



H . 


So far as I know, there is no evidence that /•<//'.' dt and /’ an- m>t op 
and with increasing accuracy of experimentation tin' \ ei itivut i< at i«■< • w 
closer. Gottstein (9) has published data on silicon. moK bdcnti.- .t 
graphite, in which the effects are large, and which mhn cum.idot.ni, 
suggest as the most likely field for discrepancies, and has obt.m 
verification, within the limits of accuracy of 1 \ which ate a!,out .s pot , e 
Caswell (10) has also recently published data on scvotal Hi Su alio 
in which the effects are also large, and obtained \01ilication width 
per cent. He states that the accuracy of the IVItier heat inca attctuo 
is 2 per cent., but also explicitly emphasizes that his meuNUteinent'. It. 
proved the thermodynamic relation. 

Mention should be made in this connection of a theorem ot B.tedel 
(ri) to the effect that if the relation 

~dt = t 7 - l,! 


is true for a single pair of substances it is true for every pair. The pt, 
given by Baedeker does not justify so general a statement u> the., tm 
ever, and presumably the theorem itself does not hold. Baed<h, 
proof is as follows. The relation (2) above becomes, it extended 
include irreversibility, 

d(P AB \^t 

Jt \ "T“ J + 7 ( cr - 1 ~ <r/,) 


Combining this with equation I gives 

dJEAB ^ I 

The equality sign holds for perfect reversibility. SupjK.se now that 
equality sign holds for a special pair of metals, so that 


dE AB 1 . 

. dt ~t 1ah - 


Consider now the couples AC and CB, where C is any third me 
Because of the addition theorem we have 


Now if 


dEcB 

i-f 

dt 

= J ( Pag 

dE AC 

. P AC 

dt 

> , • 

dE CB 

, Pc, 

dt 

< —— 
t ' 


we must evidently have 
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which, Baedeker says violates the second law, and hence the theorem. 
Baedeker failed to notice, however, that in the above inequality the 
metals must be arranged in such an order that dE A sIdt is positive. His 
proof therefore holds only when dE A c/dt and dEcs/dt are both positive. 
The correct theorem is that if the relation of perfect reversibility holds 
for any pair of metals A and B (, dE AB /dt being positive), it also holds for 
all pairs of metals between A and B that may be chosen from the series 
of metals arranged in ascending order of dE Ax /dt. 

In practise, however, an equation can only be shown to hold within 
limits. So that instead of a perfect equality we should only have 


d'Ejus 

di 


where e is some positive quantity. The argument above now shows that 
if C is any third metal intermediate between A and B, dE AC /dt cannot 
exceed P A c/t by more than e. But dE A c/dt is numerically less than 
dEjui/dt, so that the percentage verification of the formula for the pair 
AC is not so good as for the pair AB. 

If therefore a method is available in which the limits of accuracy are 
percentage limits, this theorem, contrary to what Baedeker supposed, 
does not allow us to dispense with an experimental verification of the 
formula for every pair of metals. 

There is no inequality corresponding to 


dE A B ^ P A B 

dt ~ t 


connecting the Thomson heats with the electromotive force of the cir¬ 
cuit. The analytical reason is that the two sides of an inequality may 
not be differentiated. The experimental verification of the formula for 
the Thomson heats is not yet as complete as that for the Peltier heat. 

I shall assume in the following, as most probable from the present data, 
that the thermodynamic relations obtained by neglecting irreversibility 
are strictly true, but in my opinion the question cannot yet be regarded 
as closed. 

Consider next the location of the E.M.F. A glance at the thermo¬ 
dynamic arguments shows that we have said nothing about the intensity 
of the forces at any locality; we have merely equated the total work done 
in the circuit by the E.M.F. to the total energy inflow in the form of 
heat, and our justification is the experimental fact that in the complete 
cycle no other forms of energy have any net effect. The thermodynamic 
results are entirelv unaffected by adding to any possible physical dis- 
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around the complete circuit. Any argument t>w .1 hu.ili/.-d 1 ,\ 
must use other kinds of experimental fact than thn e uhi. !i w< ! 
up to the present used. There has, ne\crtheiesx. been .m ait. mpi 
many physicists to identify the reversible heat*’ with < a.h th n 
E.M.F.’s at the same localities, and conversely. Maswdl .!*«-. 1 
as did also Heaviside (12), who speaks witli impa*-<i>>ncd iuitatint 
those who would “make a force do work where it is not,’ All tin .*1 
tions of Heaviside as to energy manifestations at the junctiim* >.ei n 
me to be fully answered by a careful consideration oi the nafuie ot 
Poynting vector, together with a recognition of the ta. t that within 
metal electricity may possess kinetic and potential euetyie .. hata. teti 
of the metal. Whatever assumption one cares to make about the 1 . 
tion of the E.M.F. will be found to involve such a dFt»ibtiti,ui ot 
Poynting vector as to automatically take care of am tmuaial .-m 
transformations introduced by the assumptions. Hnwewi, in a<. otd.i 
with the mode of thought of Maxwell and Heaviside it is teatal to .p 
of a Peltier E.M.F. and a Thomson E.M.F. tea;., ('a.well to , j. 
which are precisely equal to the corresponding reu*r*,ib!<- heatan. 
assume that these are the total E.M.F.’s at the junction or in the 
equally heated metal. This, it seems to me, is entirely unjustified, 
my position in this paper is that we know nothing about these !oi .di 
E.M.F.’s from experiments such as these on dosed circuits. U hen in 
following I speak of a Peltier E.M.F., I mean whatever F.MI , it 


there may be at the junction, but shall assume no relation with the ! 
at the junction. Similarly by the Thomson E.M.F. I mean the 1 \ 
distributed throughout the metal in virtue of the temperufute giadi» 
but again shall assume no relation with the Thomson heat. 


A second point of view, that other specifiable E.M.F.F than 
corresponding to the local heats are involved has been maintaine 
many. Among the prominent early holders of this view wa . 
Kelvm, who believed that at the junction of two metals there F an K. 
equal to the ordinary Volta contact potential difference. Adopting 
point of view, Kelvin in one of his later papers ( M ) deduced a rd, 
between Volta potential difference and a quantity analogous t< 
Peltier heat by a purely isothermal process, thus avoiding the dilfm 
of irreversibility. The same relation had also been ghen nim- ■ 
prmously by Lorentz'( I4 ) in a paper corrected by him 
criticisms of Budde (15). Both the papers of Kelvin ami Lorcnt, 
to have been entirely overlooked by subsequent writers. It F 
becoming evident, however, from such work as that of Richard*,,,, 
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than the other, and that there may be a potential jump between the 
surface of the metal and the surrounding ether. I shall show from an 
examination of the phenomena of thermionic emission that there are 
certain relations between the E.M.F. of a circuit, Peltier heat, Volta 
potential difference, etc., irrespective of what hypothesis one adopts 
about the location of the potential jumps. Richardson himself makes 
the assumption that the local E.M.F. is equal the local heat, and with 
this assumption obtains a relation similar to Kelvin’s. 


Temperature Coefficient of Volta Effect. 

The following deduction of a relation involving Peltier heat and Volta 
difference is considerably simpler than that of either Lorentz or Kelvin, 
and furthermore makes no assumptions as to the location and magnitude 
of the surface potential jumps accompanying the Volta potential differ¬ 
ence. The method also permits somewhat more general conclusions. 

Imagine an infinite plate condenser composed of two different metals 
A and B, all parts of which are maintained at the same temperature, 
and the distance apart of which is variable. The two plates may be 
connected by a wire. We imagine this wire to be half of A and half of B, 
so that when charge is transferred from one plate to the other through 
the wire the ordinary Peltier heat is developed at the junction. 

As the independent variables fixing the state of the system we choose : 


t = absolute temperature, 

p = positive charge per unit area on A (there is of course an equal 
negative charge on B), 

c = capacity per unit area (this depends only on the distance apart 
of the plates). 


The following dependent variables are to be considered : 


Vba = Volta contact difference of potential, 
u = internal energy per unit area, 
dW = work done by the system in any infinitesimal change, 
dQ = heat absorbed in any infinitesimal change. 

Now the second law states that (du+dW)/t is an exact differential 
for any reversible change. We accordingly have to find dW and du. 
For dW we have the equation 



The partial derivatives may be evaluated as follows. Obviously no 

Anno if FKa f-AmriPratnrp nf thp svQfpm iq rh a n . kpenincr the 
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distance of separation of the plates constant, it al tin* >anir lime n 
charge is transferred from plate to plate, I he ninth f ic Mutrmrni t 
•this is 



Again, if work is obtained by letting current flow from plate to plate th 
effective driving force is the difference of potential minus the \ nit 
difference. The work done during this passage of rtinetif ina\ li 
extracted by a reversible electro-magnetic engine in the uito bHvu*r 
the plates. This gives 




This is independent of assumption as to the location of fin* Yolfu iiiiiif 
whether it is a surface affair between the metal and the suriotiudin 
electron gas, or between the two metals, or both. The eon* iudous at 
therefore independent of special hypothesis. Finally, if flu* dhfum 
apart of the plates is changed, thus changing the rapacifv, but krrpin 
temperature and charge constant, we have the mechanical w«»i k 




m * ■' 

\ dc J 

This is an immediate consequence of the familiar expired* m fur fl 
work of collecting an electrical distribution from infinite htil»t!i\ idm 
\p X pot. diff. (= %(p 2 /c) in this case). 

We may also treat du as we have dW, writing 

(!),/' + (?, P'+d" 

Substituting now above, we have 

i{{^)/ t + [~c + VBA + (r P ) lk ] <lp + 

is a perfect differential. This statement will give us three equ.itit.n 
because of the three independent variables, instead of only one equ.it i< 
as in the examples of elementary thermodynamics, where we are n 
cerned with only two independent variables. 

In the first place, from the coefficients of dt and dc, we obtain 


I p‘ 
f JL 

id r 




th 


dc 


1 £ p 2 

2 t 2 C 2 



whence 
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giving 



But we have already seen that 


so that 



( 6 ) 


Therefore no heat is absorbed when the plates are moved with respect 
to each other at constant temperature and charge. This states a funda¬ 
mental assumption of electrostatics to the effect that charged bodies 
may be moved relatively to each other with no thermal effects. 

Secondly, from the coefficients of dp and dc we get 


a rir t 

dc |_ c 


+ VBA + 


ll = AJifi, (&a\ l\ 

\dp Jto] ftp dp\t \_2 \ dc Jtpjfci 


which expands to 



which states that merely changing the distance between the plates does 
not change the Volta difference. We have not thereby proved that the 
Volta difference cannot depend on the distance apart of the plates; we 
have merely proved that such independence is a logical consequence of 
the statements that we made about the nature of the Volta effect. 

Formulas 6 and 7 are not given by Kelvin or Lorentz. 

Finally, we obtain from the coefficients of dt and dp, 


d f 1 

dp 


f if 

t<( 


du\ 

M ) P c 


d_ 

dt 


f[-; + + 


Expanding, 
r dHi \ 


i ( he \ = _ir 1 

t\dpdtjc t 2 L \dp Juj tl\ to Jpc \dtdpjc_ 


(d 2 u/dpdt) c cancels. (dVBA/dt) pC we may take as the ordinary tempera¬ 
ture derivative of the Volta contact difference of potential. Experi¬ 
mentally there is yet no evidence for a variation of V with p, and we have 

1 . i 1 1 _ _ j _ _ _ _ _i _ _ _ . _ j 1 . j _ • 1 , •. • i 
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dVsA /dt. but the thermodynamic *listim-t».n bvtw.-n, ,h, dm.v l( 
should not be forgotten. It might be proved .•xpennu m.d v .it - 

later time that V BA does depend on am! it. fact there an.. , uu 

reasons for expecting an effect of (his nature. _ 1 am .».•« anan- .ha, 
very careful search has been made lor a vanntn m 1,1 " " »* >'■ 

The only unknown now remaining in the above equahun uiu . 
Under all conditions we have da = di) - d\V. Now it the te.upe,,, 
is constant, and the distance apart of the plates is eons, an, a 
stant), the only mechanical work is that which might Ik- g.-t ■-», <>l 
electrical current when p changes, and the heat ab.-aubed m the 
involved in the transfer of electricity from one plate to the othet. V 
this for the moment as P BA ', this being the heat al.Mube.l when 
quantity of electricity passes from B to A. '1 hen 


( dp = Pihidp + ( ~~ l n,i ) d/i. 

\dpjtc \ L * 


Substitute this above and we get 
0 = 


Pa/ , Wu 
(it 


or 


dV An 

dt 


Pah' 


This is the equation deduced by Loren tz (14) ami Kelvin u 4 c If 
be noticed that all parts of the system have been at the same fern 
ture, so that during the cycle there have been no irreversible lira! f 
fers, and therefore there is no question of the validity of the emirlii 
as there was in the case of the ordinary thermoelectric circuit. K 
hoped that an experimental confirmation of this formula would make 
probable the correctness of the ordinary formulas for the thermo cl< 
circuit. In attempting the confirmation he at first identified, a* 
naturally would, the heat Pba with the ordinary Peltier heat 
This amounts to assuming that all the thermal effects involved i 
transfer of charge from B to A are to be found at the surface of sepm 
of A and B . Making this identification of P f with P t the experitf 
verification failed by a thousand fold. Now the ordinary fir 
dynamic formulas hold within much narrower limits. So that not 
did this attempt of Kelvin’s to place the ordinary thermodyi 
on a firmer basis fail, but in order to explain the disrrep; 
| the new formula and experiment, he was driven to postula 
■ of another surface thermal effect, in much the same wa> 
keviously postulated the existence of the Thonmon Item 
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possibility of such a surface heat was also explicitly recognized by 
Lorentz (14), after it was suggested to him by Budde (15). 

The new surface heat that Kelvin had to postulate was a reversible 
generation or absorption of heat at the surface of a conductor when the 
surface charge changes. So far as I am aware the existence of the effect 
has never been demonstrated; in fact the papers of Lorentz and Kelvin 
seem not to be generally known, and apparently no serious attempt has 
been made to discover the effect. I shall return to this matter later in 
connection with a deduction of the same formula by a method similar to 
that of Richardson. 

Thermionic Effects. 

This is probably as far as we can get by an application of the two 
laws of thermodynamics to these two phenomena. Further progress 
demands different types of experiments from those contemplated in the 
applications above. Now this new order of experimental fact has been 
supplied in the last few years, in principal part by the work of Richard¬ 
son (16) on thermionic emission. In this work the energy relations and 
transformations are discussed when electricity is taken directly through 
the surface of the metal from metal to ether. In the previous work of 
this paper we have been restricted in transferring electricity from con¬ 
ductor to conductor to the staid and classical methods of motion over the 
metallic surfaces or through the body of the metal. We may now extend 
our thermodynamic processes to cycles in which electricity is transferred 
from one conductor to another through the surface and the surrounding 
ether. 

Richardson has developed by thermodynamic arguments many of 
the formulas connecting thermionic effects with those already discussed, 
but he has frequently made specific assumptions as to localized E.M.F.’s, 
and has further, it seems to me, confused or used interchangeably the 
thermodynamic quantities, quantity of energy, quantity of heat, and 
work, and has not sharply specified the conditions to which some of his 
quantities, notably the heat of vaporization of an electron, apply. A 
critical examination of his methods will suggest changes in his formulas. 

The starting point is the observation that at high temperatures all 
metals emit electrons, and therefore, when in a state of equilibrium, are 
surrounded by an electron atmosphere. The density of this atmosphere 
becomes rapidly lower at lower temperatures, but we assume that it 
essentially exists at all temperatures, and obtain what information we 
can from the fact of its existence. The density of this gas is so small 
under ordinary conditions that the charge it carries does not affect its 
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given a qualitative argument for this, or it may by c.imK proved by 
writing down the equations of equilibrium of a gas in which there is a 
distributed volume charge proportional to the density, and finding the 
explicit solution for small densities. 

The process of a metal surrounding itself with an ekrtnui atmosphere 
is analogous to the process of evaporation of a solid, and t he >attie thei mo** 
dynamic arguments apply to it. Any purely electrostatic action due to 
the isolation of the negative charge in the gas and a puMthr charge on 
the metal can be eliminated by evaporating only a small quantity of 
electrons, the electrostatic energy being proportional to the square of the 
charge. Assuming now the perfect gas law, we first find the letulion 
between electron gas density and temperature. 

Clapeyron’s equation applies to this and gives 

dt tAv 

dp^ 77 ’ 

where Av is the change of volume when I gm. of electrons v \aporutes 
reversibly, and H is the latent heat of evaporation. Professor Hall has 
objected to the use of this equation, or the equivalent one by Riehaidson 
(Eq. i, p. 28 of Richardson’s book), and has published a statement to 
that effect in a recent number of the Proceedings of the National Academy 
of Sciences (17). He has later recognized, however, that fin* objection 
to Richardson’s argument is not to be found at this stage, and is stating 
his revised position in a forthcoming note to the National Academe, 

Returning now to Clapeyron’s equation, since tin* perfect gas law 
holds, p = nkt, where n is the number of electrons per c.t\, and k is the 
gas constant. The gas law now gives 

dp = ktdn + nkdt. 

Av is obviously approximately equal to v, the volume of 1 gm. of election 
gas. Making these two substitutions in Clapeyron’s equation, we get 

tv 

dt = -j^(ktdn + nkdt), 

which may be rewritten 



nv 


Now nv is the total number of electrons per gm. of gas, and henre // «•;■ is 
the latent heat per electron. Denote this by v , anti the equation becomes 

rjdt dn dt 
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An integration of this equation gives 

FT) <U 

n = At~ l e kt ~, (10) 


in which A is not a function of L This is the same as Richardson’s 
equation 7, p. 29, noting that his cp is the energy change in the evapora¬ 
tion of one electron, so that rj = (p + kt. 

It is necessary to scrutinize pretty closely the conditions under which 
the 7] of this formula is to be determined. Clapeyron’s equation, as 
used above, applies to an isolated system of metal with its electron vapor. 
We may imagine this system enclosed in a box provided with a piston 
working on the electron vapor, and so able to interchange work with the 
surroundings. The rj in the formula above is the heat per electron which 
must be communicated to the box from outside during the evaporation 
of electrons and accompanying motion of the piston at constant pressure. 
Now during this process in which an electron is evaporated, a positive 
charge is left behind on the surface of the metal, so that during this 
process the surface charge is changing. We may split rj into two parts. 
The first, rj p , is the latent heat which would be absorbed if the evapora¬ 
tion took place at constant surface charge. The second part of the heat 
is a heating effect due to the appearance of a positive charge on the 
surface; this is merely Lorentz and Kelvin’s surface heat. If we put 
P a for the heat absorbed by the system when unit positive charge is 
imparted to the surface, we have 

V = V P — eP 5 , (n) 

where t is the electronic charge, taken as a negative number. 

These results may now be applied to contact difference of potential. 
Imagine two metals A and B together in a region at temperature /, in 
metallic contact. Each metal will sourround itself with an atmosphere 
of electrons by spontaneous emission, and these two atmospheres will in 
general be of different densities and pressures. The gas equilibrium is 
maintained by an electrostatic potential gradient accompanying the 
pressure gradient. 'Notice that this equilibrating electrostatic field, 
for gases of small densities, is due to charges outside the gas itself. The 
ordinary gas equations show that equilibrium demands the equation 


nA 

n B 


(12) 


where eVnA is the work done against electrostatic forces in taking an 
electron from a point immediately outside B to a point immediately 
outside A y n A and n B are the number of electrons per c.c. immediately 
outside A and B respectively. 





Under ordinary conditions it; is doubtful whiiiin pn .. hj 
ever reach equilibrium in this way, because iht- * nr '-m * «i * !•. fnm 
ordinary temperatures is so excessive*!)' s!n\\, 1 s. a ii t ^r p ?, s 

Richardson it may be computed that a spline *»t turn. im i * m n-m 

requires something of the order of nv M years In * !mi ,;*• ii-.» li o* i p-ftyi 

of x volt by spontaneous emission of electrons at u t It i t<« b«- t 
sidered, therefore, whether the Volta pointful dim n m « ,i. tin is \ 
under ordinary conditions is the same as it wmild a uh ran *»I 
a time long enough for the attainment of equslibfttttn * Modifum--,. N 
it is reasonable to suppose that the potential pimp at tin ant m 
metal and ether or metal and metal are driei iuiik d -■>■!« k In h» 
operative at the surfaces, little if any affected h\ tie \<u tier .*j 
electron gas outside. In a system of two metals in « mui *• t fin o- i 
be jumps of potential at four places; at the finer -an !,m r-. . *t . p siai 
of metal-ether or metal-metal, and through the rihn hriun n p<* 
outside the two metals. The sum of the four diufm k /*•*»», I« * om* 
electrostatic field is conservative*. Three of the diups no tin t 
probably, whether equilibrium is reached or not, I In* n.utih *!i 
which is the Volta drop, is therefore also probably the niiir win t 
equilibrium is reached or not. We may thereto!** yppk ilU t ihrti 
dynamic reasoning to systems in which equilibrium h is hrm .iftai 
with high probability that the Volta drop appealing in fin* 1-nmsla 
the same as that measured under ordinary condition^ 

We are now in a position to obtain V. Taking insaiifliiiis **t 
equation (12) above, 


Substituting values of n 


V» A 


kt 

€ 



kt 

v BA = “* 


1 

log :r + 

A A 


W'C 


Now A a and A B are independent of /. Hence. different,,,ti» K the 
equation, 

, d I Vi 

di ‘ 


rj A — Tin = tV ha — d 


It is to be noticed that during this differentiation ail the ntlu-i % ai ia 
on which the quantities might conceivably dejicnd are t., |,, Upt . 
s ant. n particular, if V BA is possibly a function of the total • ban.-. 

V d U ff aCe ’ WeSh ° Uld haVC t0 kCGp the 8Urfuc « 'Oidty eouHtant do 
the differentiation, and dV BA /dt would become in 

previous deduction by the condenser method. 
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We may obtain another relation by taking a gram of electrons around 
a closed cycle between A and B. This cycle may be performed in the 
following way. Imagine separate enclosures about A and B, containing 
the electron gas, and connected by a pipe in which there is a piston 
(see Fig. 2). The piston is to be pushed toward the enclosure about B 
and withdrawn by the corresponding amount from that about A . This 
transfers electrons from the gas about B to the gas about A. During the 
process ol transfer of electrons from the atmosphere about B, through 
the metal, to the atmosphere about A , there has obviously been no change 
in the surface charges on A or B. The latent heats of vaporization 



involved in this process will therefore be the heats at constant charge. 
Now the process outlined above is isothermal and reversible, and there¬ 
fore the total heat absorbed is zero. This gives 

VpA ~ VpB + *Pba + <2 = 0 . 

P B a ivS the ordinary Peltier heat at the junction. Q is the heat absorbed 
by the gas per electron in passing under equilibrium conditions from the 
gas about A to that about B. In this transfer the gas remains isother¬ 
mal, and pressure and potential change simultaneously as equilibrium 
demands. 

Now the analysis of the introduction shows that when a gas is dis¬ 
placed in this way in a potential field the mechanical work done by the 
pressures acting across the boundaries is zero. The first law of thermo¬ 
dynamics demands, therefore, that the heat inflow shall equal the change 
of energy. This change is composed of two parts, energy of position in 
the field, and intrinsic energy. But now the intrinsic energy of a gas 
does not change at constant temperature. Hence 

<2 == tV ab- 

We may apply our definition,of E.M.F. given in the introduction and 
find the E.M.F. between two points in the electron gas outside A and B 
to be Vab- In this particular case, therefore, electrostatic potential 
difference, local E.M.F., and heat locally absorbed are numerically equal. 



The reason is that in this particular c.»e M-m , . ■ u.- mtr 

energy of the electrons is a function of U-u»i« rmn, . \W 
prove later that this equality cannot hold in 

The Q found as above is the same as that a hi. h «•■»!.! !..■ i.amd ! 
the ordinary formulas for a substance mu m a mid ><\ 
calculation gives 


J VA \dp)< 4 < Va - 


For a perfect gas this becomes 

'' PR di> 
P 


Q = — kt 


r vn <h 
X A P 


h , it i 

kt log 1 kt h 
pn 


But we have seen that the condition of cquilil 




. n A <d'„t 

w ■ 

Substituting, 

() = «r llWl 

as before. 

We would not be justified, however, in axstiiiftftv; that lie- 
formulas of thermodynamics are not affected Itv tie* piroin r »» 
potential field. In particular, the work done liy a gas in 
isothermally against the pressures exerted aen its butmdnn* , 
when there is no potential field. We have jn>t *ren that the* \\« 
zero in a potential field. Work in a potential field is theirlm r m»t 
to fpdv. 

Instead of saying as above that the heat absorbed gnrs dim ik ft 
increasing the energy of position, we may* if we ptvlet, deo tib 
phenomena by saying that the heat absorbed goes to the woik < 
would normally be done by the gas in expanding out of a jmtriitul 
and that besides this work, additional work in received iion^ the 
daries when expanding in a potential field, which goes to itn use 
energy of position. 

Now substituting the value found for Q gives 


V - VpM » €(F/ia - Piw). 

An equation similar in appearance was given by Richardson, in 
V P A — VpB is replaced by <p A — <p B - He obtained the equatio 
identifying <p B and P AB with the local E.M.F.’h, and by di*re* 
the difference between the heats of vaporization at constant * 
density and with variable density. 

In a recent paper, Langmuir (18), essentially following Rielutn 


No L ‘ 4 XIV ‘] volta > thermo-electric and thermionic effects. 329 


point of view, has also failed to recognize the difference between the 
heat of vaporization at variable surface density, which appears in the 
thermodynamic analysis, and the heat under constant surface density, 
which may be measured experimentally. Langmuir’s calculation of the 
magnitude of the heat of vaporization from the work done by an electron 
in escaping from the attraction of its image in the surface applies to 
vaporization with variable surface density, and not to the experimental 
conditions of vaporization at constant density. His argument for the 
probable non-existence of the double layer on the surface metal-ether 
would therefore seem to me to lose much of its force. This failure to 
distinguish between the two heats of vaporization would also seem to be 
involved in Langmuir’s formulation (on page 172 of his paper) of the 
distinction between a potential difference and an E.M.F. 

Combining the two equations (13), and (14), for r) pA — rjp pB} with (11) 
gives, 

t dV d f = Pba+Pas- Pbs- ■ ( 15 ) 


Now if positive charge is passed from the surface of B to A through the 
metal, as in the condenser analysis previously given, negative charge 
appears on B and positive on A, and there may be accompanying heating 
effects in three places, at the two surfaces of separation of metal from 
ether, and at the surface metal-metal. The sum of these three heats is 
what was previously called P BA • Obviously 


and we have 


Pba = Pba + Pas ~ Pbs » 


dV BA 

dt 


BA j 


(16) 

(17) 


which is the equation (8) of Lorentz and Kelvin previously given. As 
already stated, it would be more correct, until more definite experimental 
evidence is at hand to write dV BA /dt instead of dV B a/ dt. 

The deduction of this same equation by methods so different is pretty 
good presumptive evidence of its correctness. 

The equation corresponding to the above given by Richardson is 


dV BA 

dt 


PbAi 


where P BA is the ordinary Peltier heat. The surface heats do not appear 
in his equation, because, as already explained, he has neglected to dis¬ 
tinguish latent at heats at constant from those at variable surface charge. 
A ecu minor Pirharrknn’.Q formula to he correct, we mav combi wit 
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the formulas for a thermo-electric circuit, obtaining tin 


1 i'll! i' Ml 


dV Ali ^ dliM< 

dt dt 


This consequence of Richardson’s relation is fivqm-mK -uppo .-.l n. 1 
correct, 1 but obviously is not correct if there is a mu in.v heal. 

The formula above as given by Richardson has never been vrsihe 
experimentally. The failure of experimental voriticuriun m.iv verv tu¬ 
be'due in large part to experimental difficulties. Recent w<nk *>t 1 alp 

muir (19) has shown the enormous effect on a metal mu face <.( a Intel i 
adsorbed gas only one molecule deep. No experiments on this .ubje. 
have ever been made in which this layer has been removed. fVthuj 
the most recent work is that of Compton (20), in which their i-. a inn 
possible effect from residual gas, as he himself explicitlv •fate-,, 11 
experimental discrepancy has been reduced by this latest w*ik ot t oiitj 
ton from the thousand fold of Kelvin to fifty fold. Then- i-. still, how eve 
as far as the best experimental evidence goes, ample mum fm the c\i amt 
of the surface heat. 

In view of the important role which the equation ot Ric h.ud .mu plav 
in the subject of thermionic emission, the question of the rvi-nmer ut tl 
surface heat assumes considerable interest. A direct experimental at t.n 
on the problem does not appear promising. Assuming in the mu 
favorable case that the entire outstanding discrepancy in the li.umt 


dV llA 
1 dt 


= P 


fl.i 


is due to the hypothetical surface heats, the rise of tempetatim- o! 
conductor on imparting to it a surface charge may be computed apptov 
mately. The greatest rise of temperature will be produced on th 
conductors, such as wires or foil. But under these conditions the gieate 
effect to be expected is entirely overwhelmed by the heating effect due 
the mechanical stress produced in the conductor by the mutual sept 
sion of the charges on the surface. (It is to be remarked that the 
above does not include this electrostriction effect, which may be ma< 
vanishingly small by working with large enough conductors.) The be 


chance of detecting the existence of the surface heat is by an expei 
mental determination of dVB A /dt, improving the vacuum condition-, 
much as possible, or by a method to be suggested later. 

Professor Hall in a recent paper (17) has stated his belief in the rxisti-n 


of the surface heats. He argues for their existence by giving such 
picture of the mechanism involved in a redistribution of surface charg 


1 See, for example, Langmuir, loc. cit page 182. 
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as to make a heating effect seem probable. His conception is that at 
every point within and on the surface of a metal there is a dissociation of 
atoms into positive and negative ions, whose relative number is deter¬ 
mined by the mass law. A disturbance of equilibrium by the removal of 
electrons from the surface layer is followed by such a change in the 
surface dissociation as to again satisfy the mass law. This new dissocia¬ 
tion, it is most natural to suppose, is accompanied by heating effects. 

The introduction of the idea of a dissociation determined by the mass 
law is, I believe, a valuable addition to our stock of concepts of what 
may be taking place within a metal, and its application to the surface 
effects is one way of avoiding one very real difficulty. This difficulty 
is encountered in trying to picture the processes involved in giving a 
metal surface a positive charge. Let us suppose the surface initially 
uncharged, without surface layers. Then the surface may be given a 
negative charge by the mere addition of electrons, but to produce a 
positive charge, electrons must be removed from the interior of the atoms. 
These two processes are essentially different in character, and the last 
must almost of necessity involve a heating effect, which the first need not. 
There is thus a dissymmetry in the action of a positive and a negative 
charge which we are not willing to admit. The assumption of a con¬ 
tinual supply of positive and negative ions in the surface, as Professor 
Hall suggests, avoids this dissymmetry, and to that extent has intrinsic 
probability. Nevertheless the extension of the concept of mass action 
to a surface layer seems questionable, and I believe the difficulty can be 
met in another way. If we suppose the surface is covered with a double 
layer, the electrons being on the side away from the metal, then a negative 
charge is added by adding electrons to the outer layer, and a positive 
charge is added by removing electrons from the outer layer. There is 
thus no difficulty from dissymmetry. I prefer, therefore, to regard the 
question of the existence of this surface heat as still open, to be settled 
by new experimental evidence, but incline to the opinion that it does exist. 

We may now combine these thermionic formulas with those of the 
thermo-electric circuit. We introduce the following new quantities in 
addition to those already considered. 

S A k = potential jump at surface of separation of A and ether, 

S B e = potential jump at surface of separation of B and ether, 

Sab = potential jump at surface of separation of A and B, 

X A e = E.MJf. at surface of separation of A and ether, 

X }3JS = E.M.F. at surface of separation of B and ether, 

Xab = E.M.F. at surface of separation of A and B, 
a / = Thomson E.M. . in A. 


(tb = Thomson E.M.F. in B, 
a/' = Thomson potential gradient in A, 

<r B " = Thomson potential gradient in R 

It may of course be questionable whether fhrtr ?. am f Ml. ,tf 
surface of separation of A and ether, and it F am < wnt mrrrdtt 
improbable that the surface action can Ik* coniph t«*l\ irpn nitrd In 
E.M.F. It may be, however, that part of the a* turn F piMju-rk 
representable. We denote this part of flu* action tn the Fitrm al»i 
and find what conditions it has to satisfy. 

With regard to the Thomson potential gradient if F t»* be etnphav 
that this is entirely different in character from the mu t.u r jumps 
or Sab- A jump of the potential at the sttrfate iu-m *.mu i\\ 
double layer at the surface; the jump is entttcK drfrttmurd bv 
double layer, and is unaffected by charges elsewhere. 1 hr mu fat r jt 
is therefore probably determined by forces at the Mitfaer, mbit It 
probably characteristic of the surface and independent *4 the Man 
other parts of the system. The Thomson potential gradient .* a , 
potential gradient in an unequally heated metah is, imwr\ri, aifri 
by the distribution of charge throughout the system, and tan there 
be characteristic of the system only under specified rimdifFm., \\ r •, 
in the following understand by <r" the potential gradient in t m 
The Thomson E.M.F. and Thomson heat are, on the other hand, pi 
ably determined merely by the local forces, independently t>( ,.thn p 
of the system. We shall assume then to be of this , haia. let in 
following. 

We now have the following equations; 


Vba = 


. (VpA Vpti) R R#!4i 


/ BA 


““ San — S ME + Sm a. 


V 


BA 


Z>AN 


-‘BN 


+ 


MM* 


These three depend on the fact, already proved, that in the elect n 
potential difference, E.M.F., and heat are locally equal. Thee 
equations are obtained from the isothermal system bv deni! 
closed path out of the ether into B, across the surface of sepa 
of B and A, out into the starting point in the ether. By dr*, nil 
closed path entirely within the metal, maintaining now- the j»n, ii 

T and 5 at different temperatures, we may obtain the following 
additional equations 
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dE B A 

dt 


d^BA , , 

~dt~ + ffB 


cr A 


(21) 


dEuA 

dt 


dP BA , 

“ ~~dT + ** ~ 


dpRA 

dt 


dS 


BA 


dt 


+ vb" - <ta’' 


( 22 ) 

( 23 ) 


The last of these is the expression for the difference of potential between 
the ends of A and B on open circuit, assuming that the E.M.F. of a 
thermo-electric circuit is the same on open and closed circuit. This is 
matter for experimental examination; I do not know how carefully this 
examination has been made. Certainly the equality of E.M.F. on open 
and closed circuit is usually assumed without question, and in the absence 
of experimental evidence to the contrary, we shall make the same assump¬ 
tion here. 

We also have the additional equations 


P BA _ dE B A 
V “. dt 


d V B A 
dt 



P jm] • 


(24) 


Now differentiating (18) and combining with (22) and (24) gives 
dt it +™b-,Pbs. 


Similarly (20), (21), and (24) give 


d^AE , , P as _ d'hsE , _ , P BS 

~dT + “ V = ' dt +as - 


and (19), (23), and (24) give 


dS AB „ 

dT +ffA 


Pa .v dS MEj _ , 

' T = 'dt' + <ra 


Hence wc have proved that 


dv P . ePs 
dt +ea ~ . t ’ 


d^E , / P B 

' dt +a ~T\ 


and 


t 


PjBS 

t ’ 


dS * 


(25) 


(26) 


(27) 


+ *" — 


are all independent of the metal. 

We may now obtain the universal value of drijdt + ear — eP s /t by 
an argument similar to that of Richardson. In this deduction we shall 
assume that the irreversible processes going on at the same time that 
we describe the various cycles are without effect. 

Surround the two ends of the bar at difference of temperature by two 
chambers to contain the electron atmosphere (see Fig. 3), with pistons 
sh wn. Electrons are first to be conveyed from one chamber to the 
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other by operating the pistons as shown. The m.-le then i. i. * !>.■ 
pleted in two steps. First, operate on the tran-teiied y;a • und. t |« amt 
V + AF, allowing it to expand to temper.itme t and u> thu pi .-,mi 
p + Ap', which is in equilibrium at l with gas at pie .Mite /> .it , t p. m-u 
V. The second step consists in the transfer ot gar*, at .* it..tit 1 r 
and p + A p' to Fand p. During this second step and /• hall t li.u 
together in such a way that they always have the •.imuit.u«-..n-. v .,1 
to be found in an isothermal gas in equilih- rimti t-vts ii*linyDs.uu />, {' 



P + &P\ V + AF To the first of these two step', all the oidtuan 
rmulas of thermodynamics apply, because the |>l’t hv^s |.n tfrst i if »ri I 
constant potential. During the second process, h<ev et, the pi.tem 
is changing, and all of the ordinary formulas do not app!\. in p 
ticular, we have shown that the work cannot be computet! in the n-gti 
way, but is zero. We have, however, shown that the heat ulomhed, .i 
therefore the change of entropy, is not affected in - the fact that 
process is described in a varying potential field. The change ol vntn 
may therefore be computed for these two steps together in the lego 
way, and therefore is independent of the precise way of pa-.diig in 
the initial to the final state. 

Applying the second law to the cycle now gives 


lit 

t t 


+ ■ 


t + 


^L + l % + At<l ( n 

At € i + At 






where /# is the change of entropy of the 
carried from (t + At, p + Ap) to (t, p), an< l 
ordinary thermodynamic formulas. Now 


per electron tm Ik* 
may he ctjiuputetl hy ■ 


d\J/ = 
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For a perfect gas, satisfying the equation pv = kt, 

( dv \ k 

Kd'tJr^p' 

ky 


and 




7 - I 

where 7 is the ratio of C p to C v . Hence 

ky 




Substituting in the equation above and taking the limit; 

)+K 


1 *L. (\ L °* I ky 1 , 1 k dp 


edt\ t 

But we have already found that 

I dp 
p dt kt 2 

Hence the desired relation 


€7 — 1 t € p dt °* 




kt 2 


drj p fzu. s 

+ €(T “ ‘ 




ky 

dt - t - = 

Instead of this equation Richardson gives 

dip k 

"77 + 6(T = ” 

7 — 1 


(28) 


It differs from that deduced above in the absence of the surface heat. 
Richardson uses the value of <p as given by this equation to get the 
thermionic current. His formula checks with experiment, but is of such 
a form that only very wide changes in the form of ip could be detected. 
Thus, using the value he gives for ip , there is a factor t 2 in the value of 
current (formula 17, page 33), but he states later that equally good 
agreement is obtained if a factor t lt2 replaces t 2 . Richardson’s data do 
not, therefore, afford a check on his value for <p. The neglect of the 
surface heat in Richardson’s equation would therefore seem to be inde¬ 
fensible, and until the order of the effect is known, we cannot tell whether 
Richardson’s equation is even approximately correct. It is to be noticed 
that Richardson’s formula would become the same as that developed 
above in case P s should be proportional to t. The ip of his formula 
must then be understood to be the change of energy on evaporation at 
constant surface charge. 

We may now obtain further information by applying the first law to 




the cycle, writing total work done in tin- cnij.l, !,• , s,. (| , 

absorbed. Work is done in the cycle when thepi-f..,, ;, ,, u , hl , 
right hand chamber, when it is pulled out f„„u the [,-m 
and when the gas expands in the first of the tw.‘ ; ' 
above, but no work is done in the second ,,f the (tt ,, . h " V, "" 
absorbed in all of the operations. The first |. m m 


d_ 

dt 


where 


—m-xrch 

aiv\ r 

f*p-\ 

d P = / p d/, 


#1 




L\t. 


i? 


aQX <“ - i" a,,, ~ 


('v+W / an \ 

I ( 0{J \ np ! A// / * v 

L. P \dp) t d P = -*($;)//> 


4 /' \ o' 

c , . ' J' V'Zp \ * r * / p j. 

Substituting these values, the lcft-h.in<] sid,.....; 


But we found that 
Substituting, 


0 =^, 

dt + w 


ky 


d V 


d n P 


dT +i °~ y 


1 * 

ky 


i dt 


i 


/ 


d V _ P s 

dt /'”• 


equat * on was also obtained hv r 

different method. b> ft.ji | tX >ul 


——- 

electrons from hot to coM ZOO* Pr0Vul< » 1 «*< **• drn,t.,fi„„ fll 


electrons from hot «*«•» * 

the Volta difference u,vi. ! thc eI(T(rnn »*» is prevented, This 


the Volta mZ:Zr 0USh thC eIw *«»* *» 

»* :i 

s “xx;: missi "'’ *.***• 

^ctron vap„ r is i„ jlil.H,,.,. „ it , 


IS 
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an unequally heated metal, but there is a possibility that electricity may 
flow in closed circuits, as shown in Fig. 4, through the electron gas and 

the metal. I am not aware that the existence _^ 

of such currents has been detected or sug¬ 
gested. If it should happen that such cur¬ 
rents do not qxist, we may obtain an addi¬ 
tional relation. The electrons spontaneously 
emitted by different parts of the surface must 
in this case be of such densities as to be in 


t+At 


Fig. 4. 


equilibrium under the potential gradient given by dV/dt = P s /t. 
gives, together with (9), 

± _ _ L*Y 

kt 2 kt it ’ 
or 

Vf, ~ ePs = - ePs’ 


This 


or 




o. 


Now this condition is almost certainly not satisfied, so that it is exceed¬ 
ingly probable that closed circuits like those indicated do exist in an 
unequally heated metal. 

Having found the value of dV/dt , we may now find the universal value 
of d^x/dt + or' — P s /t and dSJdt + <r fr — P s /t. We may obtain the 
latter immediately by noting that the total change of potential in a 
closed circuit is zero. This gives 


Substituting for dV/dt , 


dt + * dt ~°- 


dSs 

dt 


+ <r" 



o, 


(30) 


the desired relation. 

Next to obtain the value of dBjdt + <r' — P s /t, we may write down 
the expression for the total E.M.F. encountered in going from the electron 
gas surrounding the metal at t, through the metal, to the electron gas at 
t + At. Our definition of E.M.F. is total change of energy plus work 
delivered to outside agencies. The change of energy of the electron 
gas is an intrinsic change (= kAt) plus the change of electrostatic 
energy (= eAV). The work delivered is djdt- (pv)At. Hence 


T 


d 



Hence 


the desired relation. 

It is to be especially emphasized that the Pam >>i tin- !'>inail, 
obtained essentially modifies the point of view hithi-tf.. m.tint.dm d. 
position up to this point in this paper has been .a ai. ia 
have been obliged to retain separate expressions Pa 1 .....! I All, 
and potential difference because there seemei! no uc< e-.-atv that 
should be equal, although such equality is UMtalh .c. amnd. Hi 
the fact that the formulas obtained for 


1T +(C 


are of different form constitutes positive proof tti.it lot .*! I’ M I , 
and potential difference cannot he mutually equal, and that thr o 
tion of such equality is in general positively ineurin f, 1 hr 4 . an 

can be valid only in certain special cases, as in an H« < turn . 

Richardson has frequently set local K.M JL and local hr.it rq 
each other. This is in general incorrect, hut will not nnr um! 
to error in those processes in which a complete ruir m 

Accepting now as proved that in general local heat, fiMintfuI 
ence, and E.M.F. cannot be mutually equal, we will, in the u r\t m 
deduce additional relations between them. 


The Generalized Volta Law of Tiamiah, 

In a complete circuit composed of three metals itt rqmlihft 
uniform temperature we have the following four relations; 

Vab + Vug + Vca ss o 

Sab Hh Sue "r Sga m o 

2 AB + 'SjtC + IV, t » O 

PAB + P MG + P(\i a® () # 

The first of these is a statement that the total change in d.-t to 
potential in a closed path outside the metals is zero; the second 
same statement for a dosed path within the metals; the third 
that the total E.M.F. in a circuit in the metal is zero; and the 
t at the total heat absorbed in a cycle by electricity is zero. T 1 
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two are a mathematical consequence of the properties of an electrostatic 
distribution, and the last two are a consequence of the law of the con¬ 
servation of energy, because in a system of solids all at one temperature 
there is no permanent source of energy. It is not possible that these 
relations should not be satisfied; the system must of necessity so adjust 
itself that they are. 

Of the four relations above, the first is the ordinary Volta law of 
tensions. The point of the Volta law is not that the laws of electrostatics 
or of the conservation of energy are satisfied, but that each of the quanti¬ 
ties in the above equations, Vbc for example, depends only on the two 
metals B and C , and is unaffected by the presence in the circuit of the 
third metal A . The proof of this fact is given by experiment. 

Of the four equations, the quantities in only two of them, the first and 
the last, are susceptible of direct observation. It is proved experi¬ 
mentally that Pnc ? for example, as well as V B c, is independent of the 
presence in the circuit of the third metal. Therefore the Peltier heats 
satisfy the same conditions as the Volta difference of potential. 

By the “generalized ” Volta law of tensions we shall understand 
the correctness of the four equations above, and in addition a statement 
that any of the four types of action at the surface of two meals is inde¬ 
pendent of the presence of a third. 

The quantities entering the second and third equations above are not 
directly measurable, and it is therefore pertinent to inquire whether 
the generalized Volta law holds; that is, whether Sbc , for example, is 
independent of the presence of A. The answer to this question is yes. 
Although a direct experimental proof is at present impossible, a theoretical 
proof may be given, because of certain relations holding between S and 
2 and V. 

It may be proved mathematically that the ordinary Volta law as 
partly expressed in the first of the above equations demands that each 
of the quantities may be split up into two quantities, each depending 
on only one of the metals at the junction. That is, it is possible to 
write Vbc = V c ~ Vb , where V B depends only on the properties of 
B and Vc only on those of C. This analysis is physically significant 
because it represents the action at the surface of B and C as the joint 
result of independent actions by B and C, each unaffected by the presence 
of the other. The proof of the generalized Volta law will be given by 
similarly splitting each of the quantities above into the difference of two 
quantities, each depending only on the properties of one of the metals 
at the junction. 

Th*s anal is is immediately effected from the expression for V AB . 


We have 


Whence 

*■' =, — 

nu 


T r /;/ 

l Ait ’ ini 

t 

and we write at once 


where 

I aw - Vn '■ 


1<<K >'■ i. 


It is to be noticed that this analysis is net U. 

write, for example, 

t r __ kt 

~ In R/*t, 


which differs from the above by a i„.|, ... 

depending on the temperature. * 

“ p '""" r ** Mm 


Pba - V HA + ~ ,) 


m>0 /’ 


D _ ** . 1 
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fir. ..Vi 


1() g *A ~ S, 


%BA = Vua — V 
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With regard to the last two it is to Ik • i i 
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anew of electricity, a, i„ £ '"*+'< '"'".f..... i,,,,,,,, 

«“ *° be -» « absolute aero of temn V*" 8 " ,P " MS 

of temperature, we „l„.,i„, „„ 


No L ’ 4 XIV *] volta > thermo-electric and thermionic effects . 341 


our definition of impressed E.M.F. between two points 
&AE = f kt — €llji -j- + ktj 

whence 

^>AE — — Ua + SaE‘ 


( 40 ) 


No simplification of the formulas is obtained on replacing 2 in terms 
of u. For theoretical discussions of the electron mechanism, however, it 
may be preferable to make this substitution. 


The Effect of Hydrostatic Pressure on the Volta Effect. 

The condenser analysis by which the effect of temperature on the Volta 
effect was determined may be modified to include the effects of hydro¬ 
static pressure. The system of two metals A and B shall be characterized 
by the following variables. 

t = absolute temperature, 

p = positive charge per unit area on A (as before there is an equal 
opposite charge on B), 
c — capacity per unit area, 

7r = hydrostatic pressure per unit area on the plate A (the symbol 
7r is used for pressure to avoid confusion with p, the vapor 
pressure of the electron atmosphere). 

There is no essential restriction in discussing the effect of a pressure 
applied to the plate A alone. After the formulas for this case have been 
developed, the effect of pressure on B alone may be found simply by 
interchanging the letters in the analysis, and then the effect of inde¬ 
pendently variable pressure on both A and B by adding the two effects. 

The following dependent variables are to be discussed: 

Vba = Volta rise of potential on passing from B to A (see previous 
discussion for more detailed specification), 
u = internal energy of system per unit area, 
dW = work done by the system in any infinitesimal change, 
dQ = heat absorbed by the system in any infinitesimal change, 
v = volume of A per unit area. 

Now, as before, we must have {du + dW)jt an exact differential for 
reversible changes. We have 


jTrr dW , dW , dW , dW 
clW = —- (Ji -|- • dp + ■ dc + "T™ < ^ 7r 

dt op dc ow 


and 


T du T , du du du _ 
du = — dt + — dp + — dc + t~ dir. 
dt dp dc dir 


We are able to completely calculate dW from our knowledge of the 



mechanics of the system. W o haw 
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U 
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dc 
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Substituting above, 

dv p 
dp (' 


dt * 

l n i 

dv 

+ r . ,, 

2 C m dt 


r . 

dw 
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must be an exact differential. This will giw *** H *\ t«Titi**u. !«»• 
the coefficients of the six possible pairs of dirtVivntiaK. 

The work for finding these derivatives is rttfiirK mj.iivJiHmi 
only the results need be given here. 

From the coefficients of dt and </p, 

dV B ,i idQ i # 
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dt t dp t 

From the coefficients of dt and dc 

dQ 

« 0# 

dc 


dv 
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From the coefficients of dt and dir, 

dQ _ 
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From the coefficients of dp and dc t 

l 9 Vha 

t dc 

From the coefficients of dp and dir f 

B Vma _ ^ dv 
dw dp * 

From the coefficients of dc and dr, 

I dv 


t dc 
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Of these six relations the three which do not involve dir, (41, 42 and 
44) are the same as those obtained by the previous analysis, except that 
the partial derivatives now involve the condition of constancy of x, 
a variable which did not enter in the previous work. Of the three 
remaining relations, 46 states that there is no change of volume on merely 
changing the distance between the plates, and 43 gives the ordinary 
thermodynamic relation for the heat absorbed during a change of pres¬ 
sure, it now being necessary to add the conditions of constant p and c 
to the ordinary condition of constant t during change of pressure. The 
remaining relation, 45, is the only one of the six which gives any essen¬ 
tially new information. This equation expresses the change in Volta 
difference between two metals, when one is subjected to pressure, in 
terms of the change of volume of that metal when unit positive charge 
is imparted to it. This change of volume is not an electrostriction effect, 
which varies as p 2 and depends on the shape of the metals, but is to be 
thought of as the effective volume of the electrons added or subtracted. 
There seems to be no experimental evidence for even the order of magni¬ 
tude of dv/dp. 

Within the range in which dv/dp may be regarded as constant, this 
formula gives the Volta contact difference of potential between com¬ 
pressed and uncompressed metal. 

Vo X = — X“ . (47) 

The formula 

dir dp 

may also be obtained by considering the effect of hydrostatic pressure 
in A on the pressure of the electron vapor in equilibrium with it through 
a stress resisting membrane. The formulas to be applied are well 
known; they may, for example, be obtained as special cases of formulas 
which I have given in a previous paper (21). The applicability of such 
formulas to such conditions as these becomes at least questionable, 
however, when one calculates that the density of the electron vapor in 
equilibrium with tungsten at 0° C., for example, is such that there is 
one electron in a sphere of radius 350 light years. The method of analysis 
used above makes no reference to the electron gas, and leads to the same 
results for those quantities not directly concerned with the vapor. 

Effect of Pressure on Thermo-electric Properties. 

A certain amount of information may now be obtained regarding the 
effect of pressure on thermo-electric properties other than the Volta 
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effect This may be obtained from the formula !»vm.u-h 
taking as the metals A and B the same melai in two Mates. w ithm.t 
pressure and the other with it. The same double ^.scupt notation as 
before may be used. Thus S 0 , denotes the pnt.mUal tump m iu-.si„ K 
within the metal through the surface separating une.m.pr,.,-,! m.-tal 
from metal compressed to the pressure tt. 

For the Peltier heat in passing from um-oinpn'ssed to couiptessed 
metal in terms of the E.M.F. of a couple composed „t uncompressed 
and compressed metal, formula 3 gives 

,<//w 


Off 


i 


dt 


|H) 


For the difference between the Thomson heats in tin* n»mi»ir:v,rd and 
uncompressed metal, formula 4 gives, 


cn > 


,n 2 


10! 


For the effect of pressure on the density of an vlirfion g.r. in «*»jtiili!>- 
rium with a compressed metal formula 12, combined with hnitnila 47 
for the Volta difference of potential between compressed and tmontti- 
pressed metal, gives 

I Bn ^ € Bv 
n Bt kt Bp * 


For the effect of pressure on the latent heat of vapoti/atimi *»t el«r* 
trons under variable surface charge (total charge on metal an*! itt the 
gas remaining constant) formula 13 gives 


Vir - ^0 = 


? di 




For the effect of pressure on the latent heat of vaport/afioit at 4 mv-nant 
surface charge formula 14 gives 


V - V = *( v o* - P» w )- 


152) 


For the effect of pressure on the surface heat, we get from it and 

51 and 52 


P s (t) - P s ( 0) 


dV* 
1 dt 


5i ) 


Of the six quantities treated in the last six equation',, the tii*,t two, 
namely the effect of pressure on Peltier and Thomson heats, luu- hem 
determined experimentally (i) from measurements on a " pressure " 
thermo-couple. The last four, namely the effect of pressure -,n .•!<•< tr<<n 
gas density, the two latent heats, and the surface heat, cannot at present 
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be determined numerically, because they involve the “pressure ” Volta 
effect (F 0ir ) in addition to the “ pressure ” Peltier heat (P 0 J. A deter¬ 
mination of the pressure Volta effect, in addition to present knowledge, 
would give immediately all four of these quantities. Of course there are 
relations between the effects of pressure on these four quantities which 
may be obtained by eliminating F 07r and P 0lT between the several 
equations. 

In addition to the pressure effects 48-53, we may also obtain expres¬ 
sions for the effect of pressure on the various potential jumps and surface 
E.M.F.’s, but these can no longer be determined in terms only of E 0 „ 
and F 07r , but involve an actual determination of some potential jump or 
surface E.M.F., which we are not yet in a position to make. 

For the potential jumps, formula 19, gives 

(V: - S 0 *) + So, = IV ( 54 ) 

For the surface E.M.F.’s, formula 20 gives 

( 2 W * - So*) + V = F 0ir . ( 55 ) 

For the Thomson potential gradient, formula 23 gives 


_ d^Orr dEiQn 

dt dt 


( 56 ) 


For the Thomson E.M.F., formula 21 gives 


&1T — <ro 


d^Qn tt 

dt dt 


(57) 


Formulas 28, 30 and 31 give nothing new when applied to pressure 
effects. 

With regard to the quantity F 07r (= •— ir-dv/dp), we can possibly 
obtain an idea of the order of magnitude within 100 or 1,000 fold by 
assuming that all the change of volume on imparting a charge to a metal 
is the volume of the electrons added. Assuming that the radius of an 
electron is 1.8 X io" 13 , this gives for a lower limit 

dv 

— = — 1.7 X io~ 19 c.c. 

dp 

per coulomb. This is so excessively minute that the actual dv/dp is 
probably forever beyond the reach of direct observation. 

In view of the extreme smallness of the probable effect of pressure on 
the Volta potential difference it is natural to inquire whether we may not 
neglect this effect in comparison with the directly measurable P 0ir , 
and so obtain an approximate idea of the order of the effect of pressure 
on the quantities given in equations 5<>~53* ^ turn s out that this is 



probably not allowable.* The experimental d.it.i vJm i«»i iu> *!\bdnmn^ 
for example, the value 1.5 X ic>' IS for the ettei-i nt 1 •hm fur uir mu the 
Peltier heat. For most metals, the (‘fleet F <>t thr »<rdt 1 *.j n» ti tm . s 
greater, or 100 times the volume effect as eah uliird ,d « r the 

volume of one coulomb of electrons. In \ie\\ f ftnvu ms, »4 tin tAtrcuu* 
uncertainty in this latter value, I do not bdtr\r lint a *»f | <H) 

fold is sufficient, and that we would be justifml in in-ejn tiny dm dlert 
of pressure on Volta effect in comparison with that on ! VI fin hrat. 


Effect of Melting or Change of Smi* on tin \»u 1 \ I‘mu mi,\i 
Difference and Thermo-fi m nm Pm \n\n w. 

The Volta difference of potential between a uiefat in ium a.ors (if 
aggregation, as for example solid and liquid, uu\ be la a slight 

modification of the preceding- condenser nnulws, Hu-, m ,i\ br dnttr 
by choosing for the independent variable* /, /*. 1 and \nluiur, m-.tr.nl <»f 
t, p, c and pressure. The details of the work me the niiir brlnm 
Six differential relations are obtained as before. The tmh rv.ruti,tIJv 
new one of these is 



If this equation is applied to melting or other change o| .t.tf.-. we have 
the statement that the change in Volta contact ditfrtei., r potential 
between B and A when A melts is equal to (he change oi volume on 
melting multiplied by the change in the melting preset e „| ,1 when 
unit quantity of electricity is added to the exterior e „i A at 

constant temperature, volume, and capacity. In viitne .4 the Volta 
law of tensions, this becomes, if we denote the (wo plus,., |, v ad,.,,j, lt , 
I and 2 , 1 


V n = (t; t — v % ) 


15 * 1 ) 
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We may obtain partial information as to the effect of a change of 
state on the other thermo-electric and thermionic quantities by using the 
subscripts A and B of the first sections of this paper for the same metal 
in two different states of aggregation. The work is exactly similar to 
that of the section on pressure effects, and a series of formulas would 
be obtained parallel to 48-57. 

Very little experimental work has been done in this field. So far as I 
know there are no measurements of the Volta potential difference be¬ 
tween solid and liquid metal, so that there is no way at present of telling 
the order of magnitude of certain of the quantities in the above equations. 
Experiments have been made, however, on the thermal E.M.F. of closed 
circuits in which one of the metals passes through the melting point. 
There has been considerable disagreement about the facts, but the latest 
work (22) seems definitely to establish that there is a discontinuous change 
in the direction of the E.M.F. curve on melting. Attempts have been 
made to deduce from these data information as to the behavior of the 
Volta effect, etc., but all such attempts have involved some of the 
special assumptions about equality of local E.M.F.’s, heats, and potential 
differences which we are unwilling to admit. 

Hitherto the electron theory has been unsuccessful in explaining the 
effects on melting, in most every case giving the wrong sign to the effect. 

The Jefferson Physical Laboratory, 

Harvard University, Cambridge, Mass. 
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An Experiment in One-piece Gun Construction 

By P. W. Bridgman,* Cambridge, Mass. 

(New York Meeting, February, 1920 ) 

During the war, the Navy undertook the construction, under my 
direction, of an experimental gun embodying features designed to lessen - 
the cost and time of production. These experiments were initiated after 
representations as to their desirability had been offered by myself, by 
the Naval Consulting Board, and by the National Research Council. 
The first drawings were made in June, 1917 , and the experiment was 
completed in November, 1918 . 

For the sake of clearness it will pay to recapitulate briefly the funda¬ 
mental idea of gun construction. It is well known that if a hollow cylin¬ 
der is subjected to internal fluid pressure, the maximum stress occurs in 
the inside layers, the outer parts carrying much less than their due share 
of the stress. This inequality of stress is more pronounced the thicker 
the walls of the cylinder. If such a cylinder is pushed to the elastic 
limit, failure in elasticity will take place long before the outer layers have 
reached the limit of their capacity. Economical use of the material would 
demand, however, that all parts of the cylinder reach the limits of their 
capacity simultaneously. This may be brought about, at least in cylin¬ 
ders of not too great thickness, by producing in the inner layers an initial 
compression, and in the outer layers an initial tension. The effect of 
internal pressure is at first to relieve the compression of the inside layers, 
while increasing the tension of the outside layers. If the initial stresses 
are properly distributed, all parts of the cylinder will reach their elastic 
limits simultaneously, thus giving a cylinder of maximum strength for 
its weight. 

In gun construction as hitherto practiced, this initial distribution of 
stress is produced either by winding the inner tube with wire, a common 
English practice, or by shrinking hoops over the inner tube, which has 
been the standard American practice. Either process is long and 
expensive, particularly with the larger guns, 12 - or 14 -in., which require 

* Professor of Physics, Jefferson. Physical Laboratory, Harvard University. 
Copyright, 1920, by the American Institute of Mining and Metallurgical Engineers, Inc . 



seven or eight hoops at the breech, earh of nhmh mu ■ b> u< t.-hin.-«i 

and outside to one or two thousandths of an in.-li 

There is another possible method of prodm-im.' the d-->u.,| iiit>riiul 
compression. If a heavy cylinder is streiehed e,.n ni. r ^ p.-weui its 
elastic limit, the inner layers (low and th.-ontor l:n. r-< :. n .-a permanent 
stretch. On release of pressure, the outer lay <t>. shrink hu-l. mithi inner, 
producing an internal compr«*S8W»n. ami, of course, ho ei|uihbi:iiu>g ten- 
sion in the outside layers, if now pressure is leapph-d it will hefnuntl 
that the elastic limit has been raised to the previous pressure. 

It is possible to raise the limit in this way in two or tin . .- nm.-s 1 h<- value 
as calculated by the usual theories. This behavior ..f <•■, hml-Ts under 
high internal pressure was demonstrated e\periun•ntullv. and has been 
continually used in the construction of apparatus for my hu h pressure 
experiments at the Jefferson Physical Labi>raton , since putii. In these 
experiments I have accurately measured hydros!.atn- ju.,i mr..; « high 
as 300,000 lb.persq. in. (21,090 kg. persq. cm.>, pr. -. ur. wim-h would 
have been unattainable except for this behavior id thick e>hnd> rs when 
stretched beyond the clastic limit. 

The entire subject of the stress-strain relations in im inl s!rained he- 
yond the elastic limit is at present beyond the reach of th. on fur in. 
stance, if a heavy cylinder is pushed to eventual rupture ih,- ,-rurk Mart* 
at the outside instead of the inside snrfaee . so that u i m>? po.xuble to 
compute exactly the distribution of stress in a cylinder *ir> teh. d as above, 
but approximate theory indicates a distribut ion of at r. i-i mueh like that »f 
a built-up gun, and it is obvious at any rate that at the maumum pres¬ 
sure all parts of the gun must he pretty near the limit of tlo ir rapacity, 
The application of this laboratory method to gun eonst met ion w® 
obvious, and I had long had it in mind. 1 The procedure is to start w ith 
a single forging of approximately the dimensions of the finished gun 
subject it to internal pressure, (in one or more stages, depending on tin 
external sha,pe) high enough to stretch it permanently, and thus rniw 
the elastic limit by producing a compression in the inside layers and si 
tension in the outside layers, and then to machine it to final dimension* 
he pressures expected for the steels of ordinary gun construction ninth 
be of the order of 100,000 lb. per sq. in. (TOM kg. per s.p cm.s. Tin 
firing pressure of a large gun is of the order of 30,000 lb. per in. c'Kft 
kg. per sq. cm.). 

1 <4 rawing th< 

HfifillffitMIl 

ightmtth am 

i*l llinnigh Itii 
,. ..luting Itfiek ti 

ipm ' Mag. (July, 1912) 24, 78, 


On examination, it appeared that the nli 

elastic limit by permanently stretching with an interim! 
high pressure was very old. The Austrians tried, in the . 
Jury, to accomplish it by forcing a steel expanding maud 
bore of the gun; there are English and French tmtents 
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the 1870's, and in this country there are the Emery patents between 1900 
and 1904. There is also a theoretical paper by Turner. 2 None but the 
Austrians, however, had attempted to apply the idea in practise, and this 
fact was doubtless partly responsible for much of the scepticism as to the 
correctness of the fundamental idea that was felt in various quarters. 
The probable reason why the idea had not been practically applied was 
the technical difficulty of making packings leak-proof at the pressures 
required. In my experiments, however, I had developed a technique 
by which pressure could be controlled up to the limit of the strength of 
the containing vessel. 8 

Just before the completion of the experiments, a report came that 
the French had succeeded, during the war, in reducing to successful prac¬ 
tice the same idea by a method somewhat similar, and had in use, on the 
firing line, guns so constructed. The details of the method were not 
imparted, but it is probable that the stretching was performed by firing 
abnormally heavy powder charges in the gun. 

From a purely scientific point of view, the proposed demonstration 
of the possibility of the process was superfluous, in view of the laboratory 
experiments, but from an engineering point of view it was possible that 
there might be unforeseen difficulties in getting homogeneous forgings of 
a large enough size, or that other obstructions might arise in passing from 
small- to large-scale work. In any event, an engineer finds it hard to 
resist a certain satisfaction in a large-scale demonstration which he does 
not entertain for an experiment of more academic dimensions. 

The experiments were entirely successful, and the correctness of the 
fundamental ideas and the feasibility of construction were proved. The 
gun actually experimented with was a 3-in. (76 mm.), 23 caliber gun. A 
larger gun, either in bore or in length, would have been desirable, but the 
forging for this gun was the largest that the Washington Navy Yard 
could make, and the Navy Department was unwilling to interfere with 
production by asking any outside concern for a larger forging. After 
treatment and final machining, the gun was successfully tested for nine 
rounds at 21.8 tons per sq. in. (3065 kg. per sq. cm.). The usual test for 
a gun of this size is three rounds at a slightly less pressure. The pressure, 
in actual firing, is only 13 tons per sq. in. (1828 kg. per sq. cm.). With 
regard to cost and ease of manufacture, the following extract is taken 
from a report of the Commandant and Superintendent of the Naval 
Gun Factory, to the Bureau of Ordnance. “From this summary, it 
would seem that the actual saving of money would be inconsiderable for 
this type of gun, but it is undoubtedly certain that the saving of time, if 
quantity production should be attempted on this basis, would be enor- 


2 Trans. Cambridge Phil. Soc. (Sept., 1910). 

8 See Technique of High Pressure Experimenting. Proc . Amer, Acad. (Feb., 1914) 
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mous. Further, in the larger-type gum. it is thought that tin- .simpler 
operations would involve the saving uf a ren-mb-rui.!.- aumimt .,f money 
as well as time. ” 

Apart from proving the feasibility of gun «'uu iinmUnn ty this m.-Urntl, 
the experiment has engineering interest eoneeniing tie- mean . taken f or 
controlling pressure of the required magnitude, and with tegard to the 
elastic behavior of thick cylinders under high internal pressure. 

The general scheme of the apparatus reus us follows: the gun wan 
plugged at both ends, one of the plugs being perforated to make e.muoc- 
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tion with a pipe leading to a cylinder and jikton plfierd hotw«*i<n the jaw# 
of a hydraulic press. The interiors of gun and cylinder won* fillrd with 
a Editable fluid, and any desired pressure wits produced by operating Hie 
press. 

No attempt was mad© to set up an apparatus capable of immediatt? 
commercial use; in this first experiment, the sole object wm t« »1 mw the 
correctness of the fundamental idea, and to thut end the experimental 
set-up was designed so as to be simple and inexpensive lining, so fur m 
feasible, resources already available. A general iwembly view of the 
apparatus is shown in Fig. 1. For the press with which the piston \\m 
driven into the cylinder, the 2,000,000-lb. (fH)7,2CKhkg.) Emery testing 
mac me o t e Bureau of Standards was used, tin* machine being mi up 
f l te f S m compression. The use of the Emery machine made it 

tT ™ stretching of the gun at the Bureau uf Btaml- 

ave o ank Dr. Stratton, Director of the Bureau, for the urn* 
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of the press and the most courteous way in which the resources of the 
Bureau were placed at my disposal. 

In Fig. 1 the testing machine is indicated by the two press heads; 
in use, the right-hand head was stationary, the left-hand head moving 
toward it, driving the piston into the cylinder. The interior diameter of 
the cylinder was 3 in. (76.2 mm.). The area of a circle of this diameter 
is 7.07 sq. in. (45.6 sq. cm.) so that the estimated pressure of 100,000 lb. 
per sq. in. (7030 kg. per sq. cm.) in the gun would require a thrust of 707,- 
000 lb. (320,685 kg.), exclusive of friction, on the piston. The necessity of 
a large press is therefore evident. The cylinder was made in two parts. 
The central part was 22 in. long and 8 in. in diameter (56 by 20 cm.), 
of Cr-Ni steel having an ultimate strength of 275,000 lb. per sq. in. 
(19,332 kg. per sq. cm.) and elastic limit of 240,000 lb. (16,872 kg. per 
sq. cm.) with an elongation of 5 per cent. Over this central core were 
shrunk eight rings of the same steel, 15 in. (38 cm.) outside diameter, 
and 2 in. (5 cm.) thick. It was necessary to build up the cylinder in this 
way in order that all the metal parts might be comparatively thin, so 
that the effect of heat treatment might extend throughout the mass of 
the metal. The piston was of glass-hard tool steel, 13 in. long and 2.995 
in. diameter (33 by 7.607 cm.). I have found in all my work that 
pistons which are to take a pure thrust are much better left glass-hard. 



Fig. 2.—Details of packing plug of cylinder. Piston P pushes plug toward 

LIQUID AT L. A IS SOFT STEEL, B SOLDER, C SOFT RUBBER, D HARDENED STEEL. E 
IS UNSUPPORTED AREA BACK OF THE PLUG. 

The packing plug, driven by the piston into the cylinder, is shown in 
Fig. 2. Its principle is such that the pressure in the packing is automati¬ 
cally maintained any desired percentage higher than the pressure in the 
liquid, making leakage impossible. It has been fully described in the 
paper on technique already cited. The plug consists essentially of a 
plunger with a stem, the packing, which is ordinary soft rubber, being 
placed around the stem. The rear end of the stem slides in a hardened 
steel ring of such thickness that this end of the stem is left without longi¬ 
tudinal support. The principle of operation is as follows. Since the 
plunger is in equilibrium at any stated pressure, the total force exerted 
by the liquid in one direction on the plunger head must be balanced by 
the total force in the other direction exerted by the annular shaped pack- 



mg. But the area on which tlu* liquid ads is gn att r than that on which 
the packing acts, so that the intensify of pressure >» the packing is greater 
than that in the liquid. In particular, if the diameter of the stem is one- 
half that of the plunger head, the area of the ring N 7/i per eenf. t hat of the 
head, so that the pressure in the packing is mi per rent. greater than that 
in the liquid. This principle of an unsupported area tin the- ease the free 
end of the stem shown at K) is capable of the most varied modification, 
and by the use of it any problem in high-pressure parking may he solved. 
In Fig. 2 the various auxiliary packing rings of steel or solder keep the 
rubber in place. 

The connecting pipe leading from the cylinder whs l':i in. fit.IS cm.) 
outside diameter, and in. (3.2 mm.) inside diameter. It was made of 
the same Cr-Ni steel as the cylinder, drilled from the solid rod. and turned 
to final dimensions, oil centers, after drilling. Bemuse of the difficulty 
of drilling longer holes of a diameter smaller than in . the pipe was 
made in 30-in. lengths. Two lengths were necessary to lead from the 
cylinder to the axis of the gun, and these were connected by a right- 
and left-handed coupling, of obvious design. 'Die parking at the ends of 
the pipe used the same principle of unsupported areas us just described, 
but the details were different, the packing material in this ease being soft - 
steel rings. The details of this pipe packing have been show n in Fig. HI, 
page 639, of the paper on technique. 4 

The gun is shown in position in a heavy steel yoke, by which i he plugs 
at both ends were prevented from blowing out. The two ends of this 
yoke were forgings of mild steel, 21 in. (f>3 cm.) square and 12 in. (30 cm.) 
thick. There were four tie rods of mild steel, f> in. (12.7 cm.) in diameter 
and ft. (2.9 m.) long.. The right-hand head of tin- yoke was pierced 
centrally to allow entrance of the connecting pipe to the breech of the 
gun. This pipe made connection at one end to a right-angled coupling 
piece D, to which the pipe was brought from the cylinder, and nt the 
other end connected with the interior of tin* gun. 'rite packing on the gnu 
end of this pipe was essentially like that shown for the cylinder. The 
stem of the plunger was here replaced by the straight shank of the con¬ 
necting pipe, and the head of the plunger by a head turned on the pipe. 
The packing plug at the muzzle end of the gun was essentially a duplicate 
of that for the cylinder, except that the conical steel parts were made 
lpnger and more tapering to take up the stretch during application of 
pressure. Some means of providing for a follow-up by tin* packing during 
stretch is essential, and the method shown was entirely successful. 

The right-angled coupling D, besides connecting the pipiw from 
cyhnder and gun, contained two other essential parts of the apparatus. 
At the right-hand end of this coupling, connection was made through a 
check valve to a hand pump^ the function of which was to produce an 

'Proc. Amer. Acad., Feb., 1914 
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initial pressure throughout the apparatus before the press started to 
drive the piston into the cylinder. Without this precaution, so much of 
the stroke of the piston would have been wasted in squeezing out air 
bubbles and in giving the initial rather large compression to the trans¬ 
mitting liquid, that it would not have been possible to reach the desired 
maximum pressure in the one stroke to which the apparatus was limited. 
The hand pump, which was one I had specially constructed for my 
experimental work, gave an initial pressure of 20,000 lb. per sq. in. 
(1406 kg. per sq. cm.). 

The check valve was of obvious design, consisting of a carefully 
ground, hardened steel cone of about 90° angle, held tightly against its 
seat by a very heavy spring. It probably was not absolutely leak 
tight, but any leakage was not fast enough to be perceptible with ap¬ 
paratus of this scale, although it might be more troublesome with 
smaller apparatus. 

Beside the connection to the low-pressure pump, the right-angled 
coupling contained the device for measuring pressure. It would have 
been easier if the pressure could have been computed from the area of the 
piston and the total thrust on the jaws of the testing machine, but the 
friction was so great as to make this impossible. For instance, at an 
actual pressure in the gun of 80,000 lb. per sq. in., the calculated pressure, 
making no allowance for friction, was 110,000 lb., showing a loss by fric¬ 
tion of 30,000 lb. per sq. in. (27.3 per cent, of the calculated) or 210,000 
lb. total thrust in the machine. It was therefore, necessary to measure 
the pressure in the gun directly. For this measurement, no ordinary 
type of gage, such as a Bourdon, is suitable, because of insufficient 
strength and too great elastic hysteresis. In my laboratory experiments, 
I had successfully used a manganin resistance gage, and this was used 
successfully here. This method of measuring pressures utilizes the change 
in resistance of a metal under pressure. Manganin is particularly suita¬ 
ble because of the linearity of the relationship, and the negligible effects of 
temperature changes. The magnitude of the variation in resistance is 
about 1.6 per cent, for 100,000 lb. per sq. in. (7030 kg. per sq. cm.). 
With modern commercial apparatus, a change of this magnitude may be 
easily measured with the required accuracy. Details of the method may 
be found onpage64.0of the paper on technique, 5 and also in another paper. 6 
For the actual details of the method of measuring resistance employed in 
connection with this gage, and for the apparatus, I am indebted to E. 
L. Purrington, of the Bureau of Standards. 

The approximate dimensions of the gun, of a type now superseded, 
are shown in Fig. 3. This gun is especially simple in that the outside, 

6 Loc. cit. 

6 The Measurement [of Hydrostatic Pressures up to 20,000 kg. per Square Centi¬ 
meter. Proc. Amer. Acad. (Dec., 1911) 47. 



over the region in which il iv^rvuh^t \ns\\d* r immurr is * \ninl, wmaiatn 
of two cylinders of outside dhutHrm 77* and ‘»T» m, in and i;;.7» vu\.) t 
respectively. The extreme mu//h\ tthirh n ; eniuea!, m-» d nm In* wm- 
sideredj because when the projirtih* hm rrarlmti i ht-t pan ui thr nm, the 
powder pressure has dropped sn luu an ie makr titimriT^an im\ treat¬ 
ment of this portion. 

It was necessary to apply the pressure in f vu> stamen firs* tni he hrm*h 
alone, and second to the muzzle atnlhrnndn heeausea prrN.sundnghtmmigh 
to stretch the breech sufficiently would have strefehni too imteh and prob¬ 
ably ruptured the muzzle. The Uui-stage upplmahon i*f pressure wm 
accomplished as follows. The parking toward tin* w aa fimt pi ami 

at the region of decrease of outsiile diameter from 77* to 3 3 in., ami held 
in this position by hardened steel blocks filling up tin* net of the bure of 
the gun to the extreme muzzle. Thrust \\ m. traiiMoUfed through these 
blocks to the left-hand head of tin* yoke, Tim region upon <»» presort* 
was thus restricted to the breech end of thegun. whirh tin ivnptiijmf ivfrimtl 



Fig. 3.—Scam drawing or Tin; ovn m.rnto. mmm.M ’I in ou.ic-aw. 
LENGTH IS 77 IN. (195.0 CM.) INMUB MAMKTKU AT A t lt.7 IN, i.u SO , w , :i?vOI«f; DIAM¬ 
ETER AT B 2.6 IN. (6.6 CM,), AND OUTRIDE Of AMI, I I;H 7 5 IX i lO * U , I V»ID* 01 l METE II 
AT C 2.6 IN. AND OUTRIDE DIAMETER 5.3 IN. (13.5 t.Wf. T 


to the required amount. Pressure was thru released, the blocks retain- 
ing the left-hand packing plug wore removed, and presMue w m reapplied. 
The left-hand packing, now unsupported, wm drum to the 1. ft by the 
pressure until stopped by the left-hand head of the yoke, h aving the 
breech and the muzzle accessible to pressure, whieh was then reapplied 
with sufficient force to stretch the muzzle. This pressure being less 
than that previously applied to the breech, beemtse uf tie* smaller dimen¬ 
sions of the muzzle, no additional permanent effect wm produced at the 
breech. 


Tffie packing evidently had to be of such design that it, would allow 
considerable stretch of the inside without leak, and could he moved from 
one position to the other without too great force an,} without leakage; 
i mus o e used a second time in the new position, again w ithout leak. 

e packing here illustrated satisfactorily answered these requirements, 
The maximum pressure required to overcome its friction was a.l.tlUt) lb. 
p r sq. in. ( tg. per sq. cm.) and after the sticking point was p.wed 
a pressure of 2000 lb. per sq. in. moved it easily. 

tiomgf' d6tailS ° f • the ,f tUal 8trotchin g were as follows. Four applica- 

alone LsTT “ f made * . Tho firet these, to the breed. 
’ a e on une 20, 1918, with unsuccessful results. Through 
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some misunderstanding, the kerosene specified as the filling fluid was not 
provided, and it was necessary to use a substitute having untried proper¬ 
ties. The danger was that the oil might freeze under the high pressure, 
and thus refuse to transmit the pressure. This was actually what 
happened. The total thrust applied by the Emery machine was 
1,300,000 lb., corresponding to 180,000 lb. per sq. in. in the cylinder, 
making no allowance for friction; of this pressure, only 95,000 lb. per 
sq. in. was recorded by the manganin gage, and, judging by the elastic 
behavior, only 78,000 lb. reached the inside of the gun. Under the ex¬ 
treme thrust, the pipe ruptured at the end nearest the cylinder, the cylinder 
itself was somewhat scored on the inside, and the piston was slightly 
upset. Repairs were made, and the next application of pressure, this 
time with the proper transmitting medium, was made to the breech on 
July 26, 1918. On the morning of July 27 the packing was driven back 
to the muzzle, and in the afternoon pressure was applied to both breech 
and muzzle, stretching the latter. On the morning of July 29, pressure 
was reapplied to the entire gun as a check on the raising of the elastic 
limit. The gun was then dismantled and sent to the Naval gun factory 
for finishing. It was turned, inside and out, rifled, the breech mechanism 
put in place, and the final firing tests, already mentioned, were made late 
in November, 1918. 

The manner of yield during application of pressure now remains to 
be described as this offers some interesting features relating to the strength 
of materials. Measurements to 0.0001-in. (0.0025 mm.) were made with 
a micrometer on the outside diameter of the gun at a number of points, 
during and after each application of pressure, and on the inside diameter 
before and after the complete treatment. Interest in the results them¬ 
selves would have warranted more careful measurements, but I did not 
feel justified in making a more elaborate study than was demanded by 
the needs of the moment. 

In Fig. 4 is shown the relation between external diameter (mean of 
three readings at the center of the breech section) and pressure, during the 
initial application of pressure to the breech on June 20. Beyond 55,000 
lb. per sq. in. the observed curve showed a break, due to the incipient 
freezing of the transmitting oil, so that the recorded pressures corre¬ 
sponding to the measured diameters were too high. It is possible, how¬ 
ever, to estimate, from the behavior on the next application of pressure, 
that a maximum pressure of 78,000 lb. per sq. in. (5483 kg. per sq. cm.) 
was reached on the first application. The probable course of the true 
curve between 55,000 and 78,000 is shown dotted in the figure. A total 
set of 0.0037 in. (0.094 mm.) on the outside diameter was produced by the 
first application. The feature of particular interest in Fig. 4 is that there 
is no evidence of an elastic limit anywhere, on increasing pressure, but the 
stress-strain curve from the beginning shows pronounced curvature. 
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This is not surprising in this material, which could not have been lei t 
by the forging in a state of complete ease. 

OThe linear relation to be expected bid,ween stress ami strain in a cyl¬ 
inder of these dimensions may be computed irum the theory of elasticity 



PresKUir 


Fig. 4.—First application of pressure to the bueeuil Tiif, inuhii ask of 

OUTSIDE DIAMETER (ORDINATE) IS SHOWN IN INCUKH AOAIN8TTIIK INTERNAL PRESSURE 
(ABSCISSA) IN THOUSANDS OF POUNDS PER SQUARE INCH. 


as given in any textbook. (Sec, for example, Love's "Klusi icily,” p. 
141.) We have for the radial displacement ( 


U = Ar + , 
r 

R _P’oV 

2g(r 0 2 - 


vr 

2(X + M)(r o 3 


Xe 

2(X p)‘ 


where p is the internal pressure, r i internal and r 0 external radius, X and 
n the two elastic constants. The longitudinal strain of the cylinder « 
is connected with the longitudinal fiber stress Z, by the relation 
7 = X t , (3X + 'ln)v 

z x + M^-n 2 ^ 1 x + n ' 

In a cylinder mounted, as this was, so that the thrust on the end plugs was 
taken by an outside frame, we have, neglecting friction, Z. (J. 

Taking as average values for the olastic constants of steel 
/* = 8.2 X 10”] A1 .. 


X = 1.12 X 10 1S 


Abs. 0. (5. S. units, 


we find that e = - 2.59 X 10~ 4 for 100,000 lb. per sq. in. That is, the 
gun shortens under internal pressure applied as above. With this 
value for e, we find 


A = 3.18 X 10“ 4 
B = 3.31 X 10-* 


for 100,000 lb. per sq. in. 


Substituting now the numerical values of 7.5 in. for the outside diameter, 
and 2.6 in. for the inside diameter (the gun was made 0.4 in. small on 
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the inside to allow for stretch) we find U = 3.4 X 10~ s for 100,000 11 
per sq. in. That is, the outside diameter should increase 0.0068 ii 
(0.173 mm.) under 100,000 lb. per sq. in. (7030 kg. per sq. cm.) intern* 
pressure. The slope of the initial part of the curve in Fig. 4 is much leg 
than this, while that of the latter part during stretch is, of course, muc 
greater. The recovery after release of pressure was, however, at fb 
rate of 0.0080 in. (0.203 mm.) per 100,000 lb. That is, the first applies 



) 20 30 40 50 60 70 

Pressure 

Fig. 5.—Second application op pressure to breech. Increase op outsii 

DIAMETER (ORDINATE) IS SHOWN IN INCHES AGAINST INSIDE PRESSURE (ABSCISSA) 
THOUSANDS OF POUNDS PER SQUARE INCH. RESULTS ARE SHOWN ON TWO SCALE 
LEFT-HAND SCALE APPLIES TO UPPER CURVE, WHICH SHOWS STRAIN BEFORE PR 
NOUNCED PLOW HAS BEGUN, AND RIGHT-HAND SCALE APPLIES TO LOWER CURVE, WHI( 
SHOWS STRAIN DURING BOTH STAGES OF ELASTIC YIELD AND OP PLOW. 


tion of pressure, in spite of some permanent set, has left the metal wif 
effective elastic constants approaching those of a state of ease. 

The elastic limit to be expected on the maximum stress theory c£ 
be easily computed. At the inner surface we have 


0 * = 


r° 2 + r i 2 
r?-r[ tP ’ 


where 0 6 is the circumferential fiber stress. The elastic limit of this ste 
was about 60,000 lb. per sq. in. (4218 kg. per sq. cm.). Substituting th 
value for 0# gives 46,500 lb. per sq. in. (3269 kg. per sq. cm.) as the e 
pected elastic limit of a cylinder initially without internal stress and in 
state of complete ease. 

The results of the second application of pressure to the breech, ( 
July 26, arc shown in Fig. 5. Pressure was pushed to a maximum 
94,000 lb. per sq. in. (6609 kg. per sq. cm.) producing an additional perm 
nent set of 0.053 in. (1.35 mm.) on the outside. This additional set toe 
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place almost entirely above 85,000 lb. In the diagram, the results we 
plotted on two scales; on a large scale showmg the results to Hn.OOO lb., 
and on a scale five times smaller to show the ilow ami set. 11 is evident 
that the initial stress-strain relation is much more nearl\ lineal on the 
second than on the first application of pressure. Thejiest straight line 
through the points up to 73,000 lb. has a slope of 0.0072 in. per 100,000 
lb., which is close to the theoretical elastic rate. 1 he late of ieeo\ eiy 
after release of pressure was at the rate of O.OlOo in. per 100,000 lb., 
which is considerably more than the elastic rate. This is to be explained 
by hysteresis effects, which are always (‘Specially prominent in metal 
which has been recently severely strained. 

The stress-strain relations on the next, application to the breech, on 
July 27, are shown in Fig. 6. The muzzle was being t rented during this 
application, so that it was not possible to reach tin' old maximum of 



Pressure 

Fig. 6.—Third application of pressure to the hrkeoh. The inereakk 

OF OUTSIDE DIAMETER (ORDINATE) IS SHOWN IN INCHES AGAINST THE INTERNAL PRES¬ 
SURE IN THOUSANDS OF POUNDS PER SQUARE INCH. 

94,000 lb., 78,000 lb. (5483 kg. per sq. cm.) being all that was minimi to 
give the muzzle the desired stretch. The breech received an additional 
stretch of 0.0023 in. (0.058 mm.) during this third application. Tin* 
stress-strain relation shows just as pronounced curvature as it did on the 
first application. This is evidently an effect of the previous severe strain¬ 
ing and considerable flow produced by 94,000 lb.; the interior of the metal 
had been thrown into a state of disturbed internal equilibrium. A state 
of ease may be recovered after such treatment by prolonged renting; it is 
also known that the speed of recovery is greatly increased by moderate 
heating. The elastic recovery on release of pressure after the third 
application was at the rate of 0.0076 in. per 100,000 lb., again approaching 
the theoretical rate. 

The results of the fourth application to the breech, cm July 29, are 
shown in Fig. 7. One observed point was discarded because it was so far 
off the curve that it was evident that a blunder had been made in reading. 
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Two readings were made with decreasing pressure, an observation not 
previously made. The relation between stress afid strain is now much 
more nearly linear. The whole cycle of operations forms an open hystere¬ 
sis loop, such as are quite characteristic of the behavior of heavy masses 
of metal strained far beyond the elastic limit. I have elsewhere 7 shown 
examples of such loops obtained under other conditions. The perma¬ 
nent stretch, after this fourth application, was only 0.0007 in. (0.018 
mm.). In such cases as the present, the conventional terminology breaks 
down, but it is to be questioned whether such slight permanent altera¬ 
tions of dimensions as have been shown after the first, third, and fourth 
applications of pressure are correctly characterized as set, proper, in the 
understood sense of the word, but are not rather to be recognized as a 
result of the internal accommodation that has evidently taken place, as 
shown by the character of the stress-strain curve under increasing stress. 



Fig. 7.—Fourth application of pressure to the breech. The increase 
of outside diameter (ordinate) is shown in inches against the internal pres¬ 
sure in thousands of pounds per square inch. 


The result of the initial application of pressure to the muzzle is shown 
in Fig. 8. As in Fig. 5, results are plotted on two scales, a larger scale 
for the points before pronounced set occurred, and a scale five times 
smaller showing set. Just as in the case of the breech, the stress-strain 
relation on the initial application was not even approximately linear, but 
the curve started with pronounced curvature, passing into the region of 
flow without abrupt change of direction. 

The diameters of the muzzle were 5.3 in. (13.5 cm.) outside, and 
2.6 in. (6.6 cm.) inside. Applying computations similar to those for the 
breech, we find that the longitudinal strain is a shortening of 6.0 X 10“ 4 
for 100,000 lb. per sq. in., that the theoretical elastic increase of diameter 
is 0.0111 in. (0.28 mm.) per 100,000 lb., and that the theoretical elastic 
limit, on the maximum stress basis, is 37,000 lb. (2600 kg. per sq. cm.). 
The maximum stress applied was 78,000 lb. The rate of recovery after 
release of pressure was 0.0119 in. (0.3 mm.) per 100,000 lb. per sq. in., 
much more nearly the theoretical rate than was shown by the thicker 

7 Phvs. Rev. (1912) 34. 11. 
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breech, in spite of the fact that the set was relatively ami absolutely 
greater, 0.0767 in. (1.95 mm.) against 0.0530 in. (1.35 mm.). 



Pressure 


Fig. 8.— First application of pressure to muzzle. Increase of outside 

DIAMETER (ORDINATE) IS SHOWN IN INCHES AGAINST INTERNAL PRESSURE IN THOUSANDS 
OF POUNDS PER SQUARE INCH. RESULTS ARE SHOWN ON TWO SCALES; LEFT-HAND 
SCALE APPLIES TO UPPER CURVE, WHICH SHOWS STRAIN BEFORE PRONOUNCED FLOW 
HAS BEGUN, AND RIGHT-HAND SCALE APPLIES TO LOWER, WHICH SHOWS STRAIN DURING 
STAGES BOTH OF ELASTIC YIELD AND OF FLOW. 

The result of the second application of pressure to the muzzle is shown 
in Fig. 9. The initial relation between stress and strain is linear within 
the limits of error of measurement, with a slope of 0.0100 in. (0.27 mm.) 
per 100,000 lb. The agreement with the calculated value is probably 
within the limits of error of the values assumed for the elastic constants. 
This linear relation is in striking contrast with the curvature shown in 
Fig. 5, taken under corresponding conditions at the brooch. This agrees 
with all my previous experience that, after flow, equilibrium is attained 
much more rapidly in small than in large masses of metal, and that ac¬ 
commodation effects are always much less prominent. Briefly, the explana¬ 
tion of this is that in the smaller mass of metal there is less room to set up 
those internal stresses and inhomogeneities, the releasing of which causes 
the accommodation effects. 

The previous pressure maximum of 78,000 lb. was slightly exceeded 
on the second application, pressure being pushed to 82,000 lb. The 
slight additional set of 0.0039 in. (0.1 mm.) on the second application was 
almost entirely produced by this excess pressure. On release of pressure 4 ., 
there were pronounced hysteresis effects, doubtless the result of the 
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slight additional flow produced by the excess 4000 lb. The total re¬ 
covery on release was at the same average rate as the linear rate on appli¬ 
cation of pressure, namely 0.106 in. (2.7 mm.) per 100,000 lb. per sq. in. 
After completion of the stretching, the bore was measured at the Navy 



Pressure 

Fig. 9.—Second application of pressure to the muzzle. The increase of 

OUTSIDE DIAMETER (ORDINATE) IS SHOWN IN INCHES AGAINST THE INTERNAL PRESSURE 
IN THOUSANDS OF POUNDS PER SQUARE INCH. 

Yard. Fig. 10 shows the internal permanent stretch at various points of 
the boro. The minimum at 33 in. corresponds to the transition from breech 
to muzzle. With the experience gained from this first trial it would evi¬ 
dently be possible to improve the position of the packing plugs so that the 



POSITION OF PACKING DURING APPLICATIONS OF PRESSURE TO BREECH ALONE, AND 
CROSSES IN CIRCLES POSITION OF PACKING DURING APPLICATION OF PRESSURE TO BOTH 
BREECH AND MUZZLE. 

stretch of breech and muzzle would join each other continuously. The 
minimum at 48 in., on the other hand, must have been an intrinsic irregu¬ 
larity due to a local hardness in the forging. However, the stretch at all 
points of the bore was sufficiently great so that local irregularities had 
no bad effect, as shown by the final firing tests. 



























From a comparison of tho final outside and inside dimensions, some 
idea can be gained as to whether there was any permanent change of 
density of the metal. At the center of the breech see!ion. the computed 
metal added to the outside of the cylinder agreed with that taken from 
the inside to within 0.7 per cent, lmt at the muzzle the agreement was 
only within 14 per cent. However, the accuracy of fhe computation at 
the muzzle is not high because of the inhomogeneity of tin*, metal, and, 
in particular, tho possibility must be recognized that, the figure did not 
remain circular; not enough measurements wen? made to he sun 1 of this 
point. Within the limits of error, there was no great change of density. 
It is a result of my previous experience that hydrostatic pressure, 
as such, produces no permanent change of density, unless the metal has 
actual pores. Under such conditions of strain as were employed Imre, 
the density shows a slight tendency to decrease, if anything. 

Summary 

1 . With regard to gun fabrication, it has been demonstrated by 
actual construction and firing tats that it is possible to make a gun from a 
single forging, producing the required distribution of internal stresses by 
a preliminary application of hydrostatic pressure so high as to strain the 
material considerably beyond its yield point. The great simplicity of 
construction by this method leads to the expectation of important econo¬ 
mies of time and money if quantity production should be attempted. 

2 . The technique of controlling the pressures required, which are of 
the order of 100,000 lb. per sq. in. (7030 kg. per sq. cm.), has been 
described as applied to the experimental gun. The essence of fhe tech¬ 
nique is a packing which automatically becomes tighter at higher pres¬ 
sures. There is no reason to think that the technique should not he 
successfully applied on a commercial scale. 

3. The behavior of tho hollow cylinders composing the gun, when 
stretched by heavy internal pressure, has been described. Such cylin¬ 
ders flow and receive permanent set under pressures which may be about, 
twice the elastic limit computed according to the simple theories. After 
once stretching, the cylinder receives little or no further permanent set up 
to the previous pressure maximum. Within this range of pressure, the 
cylinder behaves in a manner approaching that of perfect ehisticity, but 
with very marked disturbances, of which hysteresis and accommodation 
effects are the most prominent. These disturbances tend to disappear 
with time. The approach to perfectly elastic behavior is much closer for 
thin than for thick cylinders. A valid theory of the stress-strain rela¬ 
tions under such conditions is much to be desired, but luts not yet been 
formulated. 
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FURTHER MEASUREMENTS OF THE EFFECT OF PRESSURE. 

ON RESISTANCE 

By P. W. Bridgman 

Jefferson Physical Laboratory, Harvard University 
Communicated August 22, 1920 

In a previous paper 1 data for the effect of pressures up to 12000 kg/cm 2 
on the resistance of 22 metals were given. It has now been possible to 
extend the results to 18 more elements, and 6 alloys. The extension has 
been made possible by two changes in the technique. In the first place, 
by a change in the method of leading electrical connections into the pres* 
sure chamber it has been possible to replace the previous method of 
measuring resistance with a Carey Foster bridge by a potentiometer 
method. This makes it possible to measure accurately specimens whose 
total resistance is very low, and removes the restriction that the specimen 
must be in the form of a fine wire. In the second place, by a modifica¬ 
tion in the design of the apparatus, it has been possible to considerably 
extend the temperature range. The results now cover a range from atmos¬ 
pheric to 12000 kg. pressure, and an extreme temperature range from 0° 
to 275° C. 

In selecting the substances to be measured over this increased range 
I have paid particular attention to the matter of liquid metals. Previous 
to this, the effect of pressure on both the liquid and solid state was not 
known for a single metal. The resistance of metals in the liquid state 
would seem to be particularly worthy of study, because here the crystal¬ 
line structure introduces no complications. Six elements have now been 
investigated in the liquid and the solid states. Furthermore, I have 
endeavored particularly to investigate some of the more unusual elements, 
in the expectation that elements from unusual parts of the periodic table 
might show new types of behavior. This attempt has been rewarded by 
the discovery of three more elements whose pressure coefficient of resistance 
is positive; bismuth and antimony were the only ones known previously. 
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ments on them had been already made for another purpose. The compo¬ 
sition of the alloys is as follows: 


Hoskins 
Mfg. Co. 

Electrical 
Alloy Co. 

Driver 
Harris Co. 


Chromel A Ni 80%, Cr 20%. 

Chromel B Ni 85%, Cr 15%. 

Chromel C Ni 04%, Cr 11 %, Fe 25%. 

Comet Ni x%, Cr y%, Fe z %. 

[Therlo A1 2%, Mn 13%, Cu S5 (this is like Man- 

ganin). 

No. 192 Alloy Ni 30%, Cr 2%, Fe 08%. 


Only a very rough summary of the principle results of the measure¬ 
ments can be attempted here. The results will be published in full detail 
elsewhere. In the table are shown the average pressure coefficients to 
12000 kg., and also the initial coefficients at atmospheric pressure. The 
numerical values of the table may be supplemented by the following 
remarks on various significant aspects of behavior. 


tabus 

Effect of Pressure on Resistance 


Substance 

Mean 
Pressure 
Coefficient, 
0-12000 kg. 

Instan¬ 
taneous 
Pressure 
Coefficient 
at 0 kg. 

Substance 

Mean 
Pressure 
Coefficient, 
0 120 (H) kg, 

Txtstan* 

taneous 

Pressure 

Coefficient 

at 0 kg. 

Li, solid, 0 °.... 

+0.0*772 

+0.0*08 

Bi, liquid, 275°. 

(UU01< 

—0. Oil 23 

Li, liquid, 240°. 

+0.0*93 

+0.0*93 

As, 0°....... . 

.... (t 

Na, solid, 0°. 

—0.04345 

—0.04003 

W, 0°.. . 

-0.0*135 

* o.cvm 

—0.0*213 

(), Oil 00 

-0.0*143 

—ci.o«at> 

’ —0.0*238 

1 -*-0.04118 

Na, liquid, 200°. 

—0.04430 

—0.04022 

La. 0°. 

K solid, 26°. 

—0.04004 

—0.0*180 

Nd r 0°. 

K, liquid, 165°. 

— 0 ,04809a 

—0,0*108 

Carbon, amorphous, 0 °. 

Mg, 0°. 

—0,0*408 

—0.0*447 

Carbon, graphite, 0 °... 

+0,0*47 

| +0.0*77 

Ca, 0°. 

+0.04106 

+0.04129 

SI 0°.. 

, 0| 1 17 

Sr, 0°. 

Hg, solid, 0°. 

+0.04080 
—0.04236b 

+0.04502 

Black phosphorus, 0°... 
Chromel A» 0°......... 

—0.0*81 

—0.0*134 

—O.Oam) 

—0.0*427 

—0.0*241 

—0.0*228 
-■0.0*170 

— 0 . 0*200 

Hg, liquid, 25°.,... 

—0.04219 

0.04334 

Chromel B, 0°. . 

Chromel C, 0 °. . , 


Ga, liquid, 30°. 

—0.0*531 

—0.0*040 


Ga, solid, 0 °. 

—0.0*247 


Comet 0 ® 

: —0.0*263 

Ti, 0°.. . 

±0.0b1?? 


Therlo 0 ® 

Zr, 0°. 

—0.0«40 

—0.0*40 

No. 193 alloy, 94°. 

—0.0*230 


a Average 0-9000 kg. 

6 ‘Average 7640-12000 kg. 
c Average 0-7000 kg. 


With regard to purity, Ga was prepared under the direction of Pro¬ 
fessor T. W. Richards for atomic weight work, and had less than 0.01% 
impurity. The Na, K, Mg, Hg, Bi, W, and black phosphorus were also 
? J P+ty-The Ca contained about 0.1% impurity, and the impurity 
m the U and Sr was of the order of 1%. The Ti and Zr were known to 
be impure with 1.8% and (Vfi% nf w —1„. xt__ •_•. 
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La, and Nd were considerably impure. The graphite was the best Acheson 
graphite, but the results were not reproducible. Similarly results with 
Si were not reproducible. All that can be expected of C and Si is the 
order of magnitude of the effect. 

Normal Solids .—The substances with negative pressure coefficients of 
resistance are Na, K, Mg, Hg, Ga, Ti, Zr, As, W, La, Nd, Si, and black 
phosphorus. Mg and W were previously measured. It is now possible 
to give better values because of increased purity of the specimens avail¬ 
able. La and Nd are the first metals in the rare earth group whose pres¬ 
sure coefficients have been measured; they show no novel features. Ti 
and Zr are also from a new region of the periodic table. The interesting 
feature of their behavior is the extreme smallness of the coefficient. Hg 
has not been previously measured in the solid state; its coefficient is 
somewhat greater than that of the liquid. Abnormal results were ex¬ 
pected for gallium, because it expands when it freezes, but it was found 
instead to be quite normal. Arsenic might be anticipated to be abnormal 
because of its position in the periodic table relative to bismuth and 
antimony, but it turns out to be normal. Silicon, a non-metallic element, 
decreases in resistance, as is normal for metals, but the pressure coefficient 
becomes larger with increasing pressure and the temperature coefficient 
may reverse in sign at high pressures, both of which are abnormal features. 
Black phosphorus, also non-metallic, is remarkable for the very large 
size of the effect, the resistance decreasing under 12000 kg. to about 3% 
of its initial value. The relative coefficient, however, does not change so 
much as it does for some metals. Na and K are the first alkali metals 
whose pressure coefficients have been measured. They are remarkable 
for the largeness of the effect, which is larger than for any other metals 
as yet measured. Na decreases 40% and K 70% in resistance under 
12000 kg. The pressure coefficient of these metals decreases greatly with 
increasing pressure and increases with increasing temperature, and the 
temperature coefficient decreases with increasing pressure. The metals 
previously measured have shown relatively little change in these coeffi¬ 
cients. 

Abnormal Solids. —Three new elements have been found whose resist¬ 
ance increases under pressure; these are Li, Ca, and Sr. This was a great 
surprise because all of these metals are highly compressible. With the 
single exception of the variation with pressure of the pressure coefficient 
of strontium, the behavior of these three metals is like that of Bi and Sb 
in that the instantaneous pressure coefficient increases with increasing 
pressure and decreases with increasing temperature, and the temperature 
coefficient falls with rising pressure. 

Relative behavior of Resistance of Solid and Liquid. —The pressure co¬ 
efficient of liauid bismuth is found to be negative and normal, although 
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of crystalline structure in determining the variations of resistance. On 
the other hand the coefficient of lithium is abnormal in being positive in 
both the liquid and solid states. (The melting curve of U was measured 
under pressure and found to be normal in that the solid expands on melt¬ 
ing.) The magnitude of the coefficient of the solid is less than that of the 
liquid. Gallium is normal in the solid as well as in the liquid, and the 
coefficient of the liquid is much larger than that of the solid. The coeffi¬ 
cient of liquid mercury is slightly less than that of solid mercury. The 
coefficients of liquid sodium and potassium are less than those of the 
solids, but by only small amounts. The relative decrease in the coeffi¬ 
cients of these solids with pressure may be greater than the decrease of 
the liquid. liquid potassium has an abnornal change in the sign of the 
variation of temperature coefficient with pressure and the pressure coeffi¬ 
cient with temperature. 

All of the six metals measured in the solid and liquid state agreed in 
showing a relatively small change in the ratio of the resistance of liquid 
to solid along the melting curve from low to high pressure. Thus the 
change in the ratio of the resistance of liquid to solid potassium was 
from 1.56 to 1.55 under a pressure increase of 9700 kg. This pressure is 
sufficient to decrease the difference of volume between liquid and solid 
to 0.31 of its initial value. It seems to be universally true that the tem¬ 
perature coefficient of the liquid is less than that of the solid, and the 
change of resistance on melting is in the direction of the change of volume. 

Theoretical Implications,— The following remarks are only two of many 
that might be suggested by the data. 

It is probable, because of the peculiar nature of the atomic structure 
of lithium and the fact that its pressure coefficient of resistance is pos¬ 
itive, that the picture of the mechanism of electrical conduction given 
by Wien and bindemann as a space lattice of electrons sliding in the 
channels of a space lattice of atoms may have much of truth for this 
particular element. 

The new evidence now at hand does not make it necessary to modify 
the former point of view 2 that for most elements the most important 
single factor in determining the variations of electrical resistance is the 
amplitude of atomic vibration. 

This investigation was assisted in large part by a generous grant from 
the Rumford Fund of the American Academy of Arts and Sciences. 

[ P. W., Proc, Amer. Acad., Boston, 52, 1917, (573-040). 

Bridgman, P. W., Physic. Rev., Ithaca, N. Y., 9, 1917 (209-289). 
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THE ELECTRICAL RESISTANCE OF METALS. 

By P. W. Bridgman. 

Synopsis. 

Electrical Resistance of Eighteen Elements. —The paper contains a brief summary of 
an extensive series of measurements which are to be published in detail elsewhere 
made to determine the effec l of pressures up to 12000 kg. per sq. cm. and of tempera¬ 
tures from 0° to 275° C. on the resistance of lithium, sodium, potassium, gallium, 
bismuth, mercury, calcium, strontium, magnesium, titanium, zirconium, arsenic, 
tungsten, lanthanum, neodymium, carbon (amorphous and graphitic), silicon, and black 
phosphorus. The data for tungsten and magnesium are improvements on data 
previously published; the data for the other substances are new. The first six of 
these elements were studied in both the liquid and the solid states. The pressure 
coefficients of solid calcium, solid strontium, and both solid and liquid lithium are 
positive; the coefficient of bismuth is positive in the solid state, but negative in the 
liquid. 

Modified Electron Theory of Metallic Conduction. —A previous theoretical dis¬ 
cussion of measurements of the effect of pressure on resistance suggested most 
strongly that in metallic conduction the electrons pass through the substance of the 
atoms, and that the mechanism by which resistance is produced is intimately con¬ 
nected with the amplitude of atomic vibration. This view is here given quantitative 
form. The classical expression for conductivity, a = (e 2 /2w) (nl/v), is retained; 
the number of free electrons is supposed to remain constant, their velocity is taken 
to be that of a gas particle of the same mass and temperature, and their mean free 
path is supposed to be many times the distance between atomic centers. The vari¬ 
ations of path are then computed in terms of the variations of amplitude, and thus 
the variations of resistance are obtained and checked with experimental results. It is 
shown that the theory in this form explains Ohm’s law, gives the correct temperature 
coefficient and the most important part of the pressure coefficient, avoids the diffi¬ 
culty of the classical theory with reference to specific heats, indicates a vanishing re¬ 
sistance at low temperatures, leaving open the possibility of super-conductivity, 
and retains the classical expression for the Wiedemann-Franz ratio. Besides these 
quantitative checks, the theory is shown to be entirely consistent qualitatively with 
all the new data; in fact, many of these new results, particularly the effect of pressure 
and temperature on the relative resistance of solid and liquid, seem to demand 
uniquely this conception of metallic conduction. 

I N a forthcoming number of the Proceedings of the American Academy 
I shall give the results of measurements of the effect of pressure and 
temperature on the resistance of 18 elements and several alloys. This 
is additional to my previous results for 22 elements. The numerical 
data will be briefly summarized in the Proceedings of the National 
Academy. In a previous paper in this journal 1 I drew certain inferences 
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with regard to the mechanism of electrical conduction from the previous 
data for 22 substances. In this paper 1 desire to extend this work in 
the light of the new data now available. 

It will pay to briefly indicate the extent of the new data; the numerical 
results will be referred to in the following as the need arises. Previous 
to these measurements there were data for the effect ot pressure on the 
resistance of no metal in both the liquid and the solid state, and the 
data were known for only one liquid metal, mercury. 1 have now 
obtained results for the variation of resistance under both pressure and 
temperature of the following six metals in both tin* liquid and the solid 
states: mercury, lithium, sodium, potassium, gallium, and bismuth. 
Previously none of the alkali or alkali earth metals had been measured; 
it is just these for which the largest pressure effects would be expected. 
I now have the data for lithium, sodium, potassium, calcium, and stron¬ 
tium. The effect of pressure was not known on any of the rare earth 
metals. *1 now have the data for La and Nd. The complete list of 
elements covered by the new work is: Li, Na, K, Mg, ('a, Sr, 1 lg, (»a, Ti, 
Zr, Bi, As, W, La, Nd, C, I, and P (black). Perhaps the most striking 
of the new results arc as follows. Three more metals have* been added 
to the list of those whose resistance increases with increasing pressure; 
these are Li, Ca, and Sr. Bi and SI) were the only ones previously 
known. Of these Li was a particular surprise, because its compressi¬ 
bility is so high. The resistance of liquid as well as solid Li increases 
under pressure. The resistance of liquid Bi, on the other hand, decreases 
under pressure, although that of the solid increases. I expected that the 
resistance of gallium would also increase under pressure, because this 
substance is abnormal in expanding on freezing, but its resistance de¬ 
creases normally with pressure in both the solid and the liquid states. 
The effects of pressure on the resistance of Na and K are much larger 
than for any other metals, Na decreasing 40 per cent, in resistance under 
12,000 kg., and, K decreasing by 70 per cent. The decreases of these 
metals are insignificant compared with that of black phosphorus, how¬ 
ever, which decreases to 3 per cent, of its initial resistance under the same 
pressure. The change is entirely reversible. The pressure coefficient 
of carbon has opposite signs in the amorphous and graphitic phases. 

In my previous theoretical paper I directed especial emphasis to one 
fact brought out by the previous measurements, namely that the most 
important single factor in affecting the resistance of a metal is without 
doubt the amplitude of vibrations of the atoms. It turned out that the 
relative change of resistance under a change of either temperature or 
pressure was equal approximately to twice the corresponding change 
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of amplitude of atomic vibration. The relation was fairly accurate for 
all metals with regard to the temperature coefficient (which is nearly the 
same for all metals and equal to the reciprocal of the absolute tempera¬ 
ture), and was not so exact for changes of pressure, but nevertheless was 
somewhat more accurate than any other relation previously proposed 
for the pressure change. This fact seemed to me to indicate that the 
mechanism of conduction was by a passage of electrons from atom to 
atom through the substance of the atom itself. The atom is to be 
thought of as normally offering no resistance to the passage of the electron 
(super-conductivity at absolute zero), but resistance may be encountered 
in passing from atom to atom. The assumption of paths within the 
atom which are resistanceless need occasion no alarm in these days of 
non-radiating quantum orbits. In fact there may be an intimate con¬ 
nection between the two. I had called this theory the “gap” theory of 
resistance. Not only the quantitative fact that the resistance varies as 
the square of the atomic amplitude, but a large number of qualitative 
facts also, were in accord with this point of view. These qualitative 
facts were many of them brought into line by the conception that the 
“gap” may function in two ways. At large mean distances of separa¬ 
tion of the atoms it may happen that passage of electrons from atom to 
atom is made easier by temperature agitation of unusual violence, which 
brings the surfaces of the atoms closer together than normal during part 
of their vibration, whereas at small mean distances of separation, the 
passage of electrons is on the average hindered by temperature agitation. 
Except for the deduction of the expressions for the variation of atomic 
amplitude with temperature and pressure, the theory as hitherto ex¬ 
pounded was qualitative rather than quantitative. In particular, I did 
not attempt to give any detailed picture of the way in which the gaps 
between atoms might offer resistance to the passage of electrons, or 
what the character of the resistance might be. The theory as previously 
given also made no attempt to explain the Wiedemann-Franz ratio, 
although I pointed out that an explanation was not inconsistent with the 
elements of the theory. 

It is now possible to cast this point of view into quantitative form, at 
least as far as temperature variations of resistance go; the pressure 
changes cannot be so easily dealt with for a reason that will appear later. 

In the first place it is interesting to observe that the proportionality 
of resistance to the square of the amplitude of atomic vibration holds 
also at low temperatures; the previous considerations were entirely 
confined to ordinary temperatures. It has been noticed by Griineisen, 1 

1 E. Griineisen Verh. D. Phys. Ges., 15. 186-200, 1913. 



after an examination of the best data, that down to wry low temperatures 
the quotient of resistance by absolute temperature is proportional to 
specific heat, the factor of proportionality being different for different 
metals. Let 11s compare this experimental variation of resistance with a 
variation as the square of the amplitude of atomic vibration at low 
temperatures. The specific heat formula which best fits the facts at 
low temperatures is that of Debye. This gives an energy content pro¬ 
portional to the fourth power of the absolute temperature, and of course a 
specific heat proportional to tin* third power, since the specific heat is 
obtained by differentiating the energy. We have, therefore, the expres¬ 
sions, 

E — At* and (' - 

where E and C are the energy and the specific heat of the atom respec¬ 
tively. We may also express the energy of the atom in terms of its 
frequency and amplitude of vibration. This gives the equation 

2 irhn irvr =* At* % 


where a is the amplitude, and v the frequency of atomic vibration. Now 
differentiate this expression logarithmically with respect to /, giving 


if i a ~) 

<x\drjp r vX’OtJ,, 


The value of i/v(dv/dr) p was found in the previous paper, 
this value gives 



Substituting 


An examination of the previous deduction of i!v{Bv'Br),, shows that the 
connection between temperature and energy did not enter, so that the 
same expression is valid at low as well as high temperatures. But now 
it is an empirical fact that at low temperatures the compressibility 
approaches a constant value, and that the ratio of the thermal cxpansioi 
to the specific heat also approaches a constant value. I fence in the limit 
(dv/dr) p i jC v {dvldp) T becomes proportional to (Bvjdr),,, and heart 
vanishes. We have, therefore, at low temperatures, 

a\dr J p t 

At high temperatures 2 ja{BajBT) p was also proportional to 1 ]t, but th< 
factor of proportionality was 1 instead of 4. 

Now our previous empirical observation was that 2 ja(da!dr) p give 
the variation of resistance with temperature. Compare this witl 
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Griineisen’s empirical observation. He has 

R/t = BC, 

R = BCt 
= 4 ABt 4 , 

where R is the resistance and B a constant. Hence 

1 dR 

Rdt ~ 4y7, 

which checks precisely with the value of twice the variation of atomic 
amplitude. 

Although we have found a variation at high and low temperatures 
proportional to the variation of the square of the amplitude, we cannot 
set the resistance at all temperatures equal to a constant times the square 
of the amplitude (that is if Griineisen’s observation is correct) for the 
factor of proportionality changes on passing from low to high tempera¬ 
ture. The relation of proportionality must therefore fail at some inter¬ 
mediate temperature. 

Returning now to the task of making the “gap” theory more definite, 
we in the first place make specific the action of the gap in.imparting 
resistance by picturing precisely the same sort of mechanism as that 
operating during a collision of the classical theory. There cannot be any 
doubt that the electron encounters difficulty in getting free from the 
atopi when the atoms are separated from each other as in a gas, for there 
is a definite ionizing potential, which involves an amount of energy large 
in comparison with that ordinarily available in the form of temperature 
energy of agitation. It is also evident that in some way the electrons 
do get free from the atoms in the solid state, because the solid is con¬ 
ducting for any E.M.F., no matter how small, and at low temperatures its 
Ohmic resistance vanishes. This means that under certain conditions 
forces may act on the electron when in the act of passing from one atom 
to another, whereas while the electron is passing through the interior of 
the atom no forces act. During the action of a force between electron 
and atom, there is a chance for the transfer of energy from one to the 
other, so that we have a tendency to equipartition. In other words, the 
“gap” produces resistance by interfering with or terminating the free 
path of the electron, precisely as did the “collision” in the classical the¬ 
ory. The amount of interference with the free path will depend on the 
amplitude of vibration, and so the resistance will depend on the ampli¬ 
tude. Such a picture as this enables us to carry over immediately much 
of the analvs's of he lassical theorv. For instance, the classical ex- 





pression for the resistance at once, InIds, numeh » 



where e is the charge on the electron, m the ma^ ot the electron, n tin 
number of electrons describing paths per enuh / the mean free path o 
the electron, and v the undisturbed velocity of translation of the electron 
Ohm’s law at once follows on the same basis as in the classical theory 
Previously I had to leave Ohm’s law unexplained, with only the remari 
that there was no inconsistency. 

This picture of the mechanism of interference with the free path is st 
different physically from that of the classical theory, and >et gives sucl 
similar results when substituted into the mathematical expression, tha 
it will pay to stop for a moment to inquire what is our justification fa 
setting up so definite a picture. In particular, we mav compare thi 
picture with that of Wien , 1 who also has a free path mechanism of con 
duction and Ohm’s law, but imagines the electrons interfered with ii 
their .flight by collisions with the centers of the atoms. Many facts ar> 
equally understandable from either point of view . There are a numbei 
however, which are more naturally explained by supposing that tb 
interference encountered is in passing through the surface bum one aton 
to the next. Many of these facts wall be given later; 1 mention only th 
two most striking. In the first place it is a universal fart that if a metii 
changes form, as by melting, or by a polymorphic transition, the phas 
with the smaller volume has the smaller resistance. This holds for a! 
known normal meltings, in which the liquid has the larger volume, an< 
also holds for the abnormal meltings of Bi f Sin and (la, In which th 
liquid has the smaller volume, and also the smaller resistance. It hold 
also for the normal polymorphic transitions of Zn and Ni, and for th 
abnormal transition of Tl, in which the high temperature phase has th 
smaller volume. Now this is difficult to understand from Winds poin 
of view, for it would seem that in the phase with the smaller volume lher 
must be more chance of collision with the atomic centers, and so a higlu 
resistance. The difficulty cannot be turned by supposing that the energ 
of temperature agitation is different in the two phases, for the specifj 
heat of liquid bismuth is greater than that of the solid, and therefore i 
the liquid the atoms have more chance of terminating the free pat 
both because they are more numerous, and because* their amplitude c 
temperature agitation is greater, so that they effectively cover moi 
territory. On the other hand, the fact that the resistance of the plun 
1 W. Wien, Columbia Lectures, 1913, 29-48. 
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with the smaller volume is the smaller is most naturally explained from 
the gap point of view simply by the observation that the atoms are 
closer together, and the electrons find it easier to pass from one to another. 
Another fact not readily understandable from Wien’s point of view is 
that the temperature coefficient of resistance of the liquid is nearly 
always less than that of the solid. In some cases it may be very much 
less, or may even be negative, instead of positive. Now the increased 
violence of temperature agitation in the liquid, as shown by the higher 
specific heat, would seem to demand a higher temperature coefficient, 
according to Wien’s view. There is a most natural explanation in terms 
of the gap theory, as has been explained in the preceding paper, or as 
will be elaborated further in the following. 

So much for the mechanism by which resistance is produced, and the 
explanation of Ohm’s law. To get further, we have to know the precise 
manner of variation of n, /, and v with temperature and pressure. The 
classical theory supposed that v was the value given by the equipartition 
of energy, treating the electron as a gas particle, that l was at least of 
the order of magnitude of the distance between atomic centers, and n 
could look out for itself, being determined by the necessities of the 
case. The weaknesses of the old theory are well known. One of the 
most serious is that the n needed to give the observed values of Specific 
resistance is of the order of magnitude of the number of atoms itself, or 
even may be considerably in excess, which leads to the insuperable 
difficulty of the specific heat. An n of the same order of magnitude was 
indicated by the application of the theory to the optical theory of metals. 
Many attempts have been made to avoid this difficulty, but as yet 
without success. Nearly all attempts at replacing the classical theory 
have failed in the endeavor to give even an approximate explanation of 
the Wiedemann-Franz ratio. In order that the thermal conductivity 
of a metal shall have its high value, and in order that the Wiedemann- 
Franz ratio may have approximately its experimental value, it seems to 
be necessary to suppose not only that temperature energy is carried by 
the electrons, but that the amount so carried is precisely the amount 
which would be carried if the energy of the electrons were the equi¬ 
partition energy on the old classical basis. 

Apparently the most promising attempt at another explanation of the 
Wiedemann-Franz ratio is the recent theory of Borelius, 1 which does 
give a result of approximately the right magnitude. But although his 
explanation may be mathematically satisfying, I do not think that it 
can be considered satisfactory physically. His explanation is on the 
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basis of the Debye theory of heat conduction. 1 IVbyes theory is that 
heat is conducted by elastic waves, which are dissipated by atomic irregu¬ 
larities. A quantity analogous to the mean fret* path may be defined in 
terms of the rate of dissipation, so that the higher the rate of dissipation 
the shorter the equivalent free path, and the less the conductivity. 
Debye has applied this theory to insulators, like rock salt, and has been 
able to account for the experimental fact that the conductivity varies 
inversely as the absolute temperature. Borelius has taken over this 
theory for metallic conduction, by means of the assumption that the 
amount of energy dissipated at each atom as the elastic wave passes 
over it is equal to the ratio of the thermal energy of the atom to that of 
the electron. This gives a thermal conductivity of the right order of 
magnitude. In combination with his theory of electric conduction he gets 
a Wiedemann-Franz ratio of approximately the right magnitude, and 
with the right dependence on temperature. But he has neglected the 
dissipation of the elastic waves due to the atoms. If 1 >ehye’s analysis is 
correct, this should be present in the metal a* well as in an insulator, 
and is very much larger than the dissipation supposed by Borelius. 
Hence, taking account of the neglected atomic dissipation, the thermal 
conductivity of a metal would turn out to he actually less than that of an 
insulator, for there is dissipation not only by the atoms hut also by the 
electrons. 

Compared with the classical conception of conduction as performed 
by a swarm of electrons playing in the free spaces between the atoms, 
the view at which we have arrived of conduction as performed by elec¬ 
trons passing freely through the substance of the atoms places us in a 
much more advantageous position, for it allows the possibility of very 
long free paths (in fact at absolute zero there is no resistance to the 
motion and the paths may be indefinitely long), and hence enables us to 
get along with many fewer electrons. In this way the specific heat 
difficulty may be avoided. But in order to account for the facts of 
thermal conduction, it seems necessary to take over the classical idea 
that the electrons are moving with the energy of gas particles at the 
same temperature. 

The theory developed here proceeds on the following assumptions. 
We take over the classical expression (I) for resistance in terms of n, l, 
and v.' We suppose that v is the same as that given by the classical equi- 
partition theory, and we suppose l large enough to avoid the specific 
heat difficulty by allowing a small value of n. We try to deduce from 
our fundamental expression the variation of resistance with temperature 

i P. Debye, Wolfskehlstiftung Vortr&ge, B. G. Teubner, 1914, 17-60. 
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and pressure in terms of the variations of v, which are given by the classi¬ 
cal expression, and the variations of Z, which we get from our picture 
of the electrons jumping from atom to atom across a region capable of 
exercising interference with the path. The quantity n we suppose to 
stay constant. One reason for this supposition is that we do not need 
to assume any variation in order to account for the facts. However, it 
does not seem implausible that n should stay approximately constant. 
As temperature is increased, the tendency to an increased n due to the 
increased chance of getting an electron out of an atom by increasing 
violence of collision is counterbalanced by the increasing difficulty of 
getting the electron out of the atom because of the increased distance of 
separation of atomic centers. Or again, it may be that the number of 
migrating electrons is determined by a sort of spontaneous atomic dis¬ 
integration in the outer part of the atomic structure, over which changes 
of temperature or of pressure can have no control. 

There is evidence as to the magnitude of n given by optical theories 
of metals. We shall for the present merely disregard this. We are 
much more justified in doing this now than we would have been several 
years ago, for quantum theory has made it exceedingly uncertain whether 
we are justified in keeping our old model of a vibrating electron as a 
source of light. Quantum theory has shown, 1 for example, that the- 
success of the electron in giving the classical expression for the Zeeman 
separation was due to a quite accidental cancelling out of the factor k 
from the result, and that the factor h will not so conveniently cancel out 
in treating certain other phenomena, as the Stark effect. Furthermore, 
the number of electrons demanded by optical theory must now seem 
impossibly high in the light of our knowledge of the structure of the 
atom, so that we are probably justified in disregarding the line of attack 
from the optical side until quantum theory has become more developed. 

Concerning our assumption of the equipartition value for v, putting 
it equal to V2 (kt/w), there cannot be much question at moderate tem¬ 
peratures, so long as n is small enough to avoid the specific heat difficulty, 
but there may be question as to what the limit of temperature is to be. 
It is possible that the classical expression for the energy may hold to 
lower temperatures for the electron than for the atom. Hydrogen or 
helium at low temperatures in the gaseous condition in contact with the 
solid walls of the container continues to have the classical energy, al¬ 
though this is no longer the equipartition energy as compared with the 
atoms of the solid walls. However, the classical expression cannot con¬ 
tinue to hold indefinitely to extremely low temperatures, for even a few 

1 A. Sommerfeld, Atombau und Spektrallinien, Vieweg, 1919. 422-440. 



electrons with the classical energy would ultimnfrK maki* Unable with 
the specific heat. We will not concern our>el\e> Imliter with the situ¬ 
ation at extremely low temperatures except to ivmaik that the assump¬ 
tions of this theory will have to he modified, and to indicate that such a 

modification is not at all impossible. For instance, the electron in 
coming from the atom, leaves behind it a positUrly charged inn. As 
the electron wanders through the metal it must at >nme time come again 
in contact with an ion, and may recombine with if. Tlmmghout the 
metal, therefore, there is going on a continuous process of emission of 
electrons by the atoms and reabsorption. Now the mechanism of the 
ejection of the electron by the atom within the solid is something which 
we do not understand, but it is not unlikely that it is determined from 
within the atom, and is not greatly affected by outMdr conditions, at 
least as far as the velocity of emission is concerned, din* electron may, 
therefore, be expelled with a definite velocity independent of tempera¬ 
ture. It then travels from atom to atom, and is jostled about, until it 
ultimately acquires the equipartition energy, din* time required to 
accomplish equipartition may well be less tin* greater the violence of 
agitation. Presently, the electron recombines with an ion. At low 
temperatures, because of the feebleness of temperature agitation, it may 
be that the electron is absorbed before it has acquired the equipartition 
energy, or that it has possessed this energy tor only a relatively short 
time. The specific heat difficulty wall not then appear, and tin* con¬ 
ductivity will be even higher than that corresponding to ( hameisen’s 
empirical observation, because the mean velocity will not decrease so 
rapidly with decreasing temperature. And it is of course a fart that 
some metals show superconductivity at extremely low tem|>eraturts, and 
that superconductivity is not covered by Griineisens formula. 

So much for the assumptions with regard to v and w. Now for a 
deduction of the variation of Z, the mean free pat In 

There is a point implied in our assumption of a long free path which 
may detain us for a moment. We have pictured the electron as passing 
through the substance of many atoms before its path is arrested. Now in 
a cubic crystal this means that the electronic paths may be confined to 
three directions mutually at right angles, along the crystalline axes. 
The classical deduction for the expression for conductivity assumes of 
course that the directions of the paths are distributed at random through¬ 
out space. Is a specialized distribution in only three directions con¬ 
sistent with the known fact that the resistance of a cubic crystal is inde¬ 
pendent of the direction ? A simple analysis immediately shows that 
there is no inconsistency here. Imagine the applied electric force making 
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the angles a, 0, and 7 with the crystal axes, and find the contribution 
made to the conductivity by the electrons moving along the X axis. 
The component of force along this axis is E cos a , so that the velocity 
imparted to the electron is smaller by the factor cos a than it would be 
if the force were along the axis. And the component of this velocity 
in the direction of the force is further diminished by the factor cos a , 
so that the total contribution of the electrons moving along the X axis 
is diminished by the factor cos 2 a. Similarly the electrons moving along 
the other two axes contribute to the conductivity terms equal to cos 2 /3 
and cos 2 7. The sum of the three terms is 1, which is thus independent 
of direction. 

On the other hand, there is no necessity in supposing that a single 
free path is straight; the electrons may perform Virginia reels about the 
nuclei of the atoms in quantum orbits. Something of this sort probably 
has of necessity to take place in non-cubic crystals. 

We return to the question of the variation of l. For the moment we 
consider that the solid is maintained at constant volume. As tempera¬ 
ture is increased, the amplitude of vibration is increased, and it may be 
that during part of the vibration the atoms are so far separated that the 
electron cannot pass. That is, when the atoms are in vibration, there 
is a certain chance that the free path of the electron may be terminated 
in the passage from one atom to the next. This chance is a function 
both of the amplitude of atomic vibration, and of the mean distance of 
separation of atomic centers. Call /3 the chance that the path will be 
terminated, r the mean distance of separation of atomic centers and a 
the amplitude of atomic vibration. Then we may expand the unknown 
function in powers of a and write 


/3 = / 0 , 6} + a 


df(r, o) 
da 


provided that a is small, a may be calculated, and it turns out that for 
ordinary temperatures a is a small fraction of r. Now it is our funda¬ 
mental assumption that when the atoms are at rest no resistance is 
encountered in passing from atom to atom, provided that the distance of 
separation of atomic centers is not too great, as we suppose it is not for a 
solid. This means that f(r, o) = o, and we may write 


0 


a 


d/0, O) 

da 


That is, so long as the volume is kept constant, the chance that the path 
will be terminated in passing from atom to atom is proportional to a. 
In unit distance the chance that the path will be terminated is equal to (3 



multiplied by the number of atoms in unit lm^th, .r v iin >.n im; a eiinstant 
times a. Now the probability definition of the mean in e path is merely 
the reciprocal of the elmnee that the path will be tetminuted in unit 
distance, so that we have at once 

I ( Ullst M. 

To compute the variation of / at constant volume it is sufficient to 
calculate the variation of a at constant volume* 

Now the variation of a was already computed in thr pte\ imis paper. 
The expressions there given were tor the \ mutant ot o with pressure 
and temperature, but of course from these deti\ at i\es the dciiv ative at 
constant volume may at once be found if \vc know the eompiessibility 
and thermal expansion of the substance. 

The computation of the change of amplitude is the only place in the 
theory into which the quantum hypothesis explicitly enters. The 
assumptions at the basis of the computation were these. The energy of 
the atom is the classical amount, kt (so that the deduction does not hold 
for low temperatures), the frequency is a function of volume only (the 
forces on the atoms are on the average a function of volume only), and 
the entropy of the atom is the same as the entropy of an ideal linear 
oscillator at the same temperature, which by quantum considerations is 
shown to be a function of t/p only. 

For convenience of reference the values previously found are reproduced 
here. 



The change of amplitude at constant volume may at once be found 



Substituting this value above gives at once the simple result 

if _ 1 

a \ Br ) v 2 r ' 

Now let us find the change of resistance at constant volume witl 
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temperature. Our formula for the specific resistance is 

2 ^( 2/<) 1/2 T 1 ' 2 

i T 

r l /2 

= Const ~y . 

Differentiating this logarithmically gives 

J. (__ JL 1 / dl\ 

^ V 2r l\dr) v ' 

Using the value found for l, in terms of a gives 

7 \ _ I / da \ 

l\dr) a\ dr ) v 1 

and substituting this gives 

R \ dr ) v r * 

That is, the temperature coefficient of resistance at constant volume 
is the reciprocal of the absolute temperature. This of course, is in 
accord with the experimental facts. In my preceeding theoretical paper 
I gave the values of i/R(dR/dr) v . The difference between i/R(dR/dr) v 
and i/R(dR/dr) p is not large, but is in the direction to make 1 /R(dR/dr) v 
even more nearly equal to i/r than 1 IR(dR/dr) p . 

The change from the point of view of the last paper is to be noticed. 
We previously thought of the change of a as the only significant feature, 
and noticed that i/R(dR/dr) v was equal to 2 /a(doc/dr) v . We did not 
see any particular reason why the change of resistance should be pro¬ 
portional to twice the change of a, that is, why the resistance should be 
proportional to the square of the amplitude, although we advanced 
reasons which made it seem not improbable. Our present expression 
for R demands that we analyze the change of resistance into two effects; 
one is a temperature effect, due to the term r 1/2 , and the other is an effect 
due to the change of l, which involves the change of a. Now it turns out 
that the change of l with a, which again changes with temperature, is 
of such a nature that the sum of the two effects is as before exactly equal 
to twice the change of a. Hence the previous analytical result stands, 
but our physical analysis is different. 

We now let fall the condition that the volume be kept constant during 
the change, and consider the change of resistance with temperature at 
constant pressure, which is the coefficient usually directly determined by 
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Now for all solid metals the second term is small compared with the first, 
and we may neglect it. We may now replace R, the specific resistance 
by p, the observed resistance (that is, the resistance of a piece of wire 
with fixed terminals), since the difference of the two coefficients is equal 
to the linear expansion, which may be neglected in comparison with i/r, 
and obtain as our final approximate result 

i/ap\ = i 

P\drj p t' 

This equation, of course, agrees with experimental fact. The usual 
temperature coefficients are always somewhat larger than 1 /r, which is 
the direction of variation which the above considerations would lead us 
to expect. I know of no theory which gives the departure of the tem¬ 
perature coefficient from i/r. Wien’s theory is the only one which makes 
the attempt, and this cannot be regarded as successful. Of course the 
classical theory does not account for the temperature coefficient at all, 
but is driven to unplausible assumptions as to the variation of the free 
path with temperature in order to be consistent. 

Now to find the pressure coefficient, we differentiate our expression 
for resistance with respect to pressure at constant temperature, getting 

R\dp) T l\dp) T ' 

The only statement which we can make about i/l(dl/dp) T is that it is at 
least as large as x/a(da/dp) Tt so that we expect the pressure coefficient 
of resistance to be at least as large numerically as ( dv/dr) p /C v (substi¬ 
tuting the value found above for 1 /a(da/dp) T ) and to be negative. In 
the previous paper it was shown that the pressure coefficient is given on 
an average for a large number of metals by 2 ja{dajdp) T . Our present 
theory leads us to replace this by the statement that there is a lower limit 
one half the value previously found. Now it is true that twice the 
amplitude represented a somewhat better approximation to the average of 
all the results than did the expression of Griineisen, for example, which 
was the best of other theoretical expressions for the pressure coefficient 
of resistance, but there were deviations from it in both directions. It is 
on the other hand true that there are no cases known, either among the 
substances of the previous work or among the new elements of my more 
recent work, except those abnormal metals for which the coefficient is 
positive, and which will be dealt with separately later, in which the 
coefficient falls as low as x/a(da/dp) T . So that although our present 
theo v is nb c molete because of the unknown element of atomic struc- 



ture, it is at least more sat bluet on than 11 o UutM t .sih * '<» « t in that it is 
true without exception. 

So much for the formal cxpre<>ton »»t flu* tie «*t\ wish u ».ud m tem¬ 
perature and pressure changes of roMance. 1 !h * b -h al t \pu\ssion 
for thermal conductivity is to he taken u\<r \\ itlu »tii t h.mgr, and need 
not be written down explicitly. It g !un the light »ad< i <4 magnitude 
for the Wicdemann-Franz ratio, hut is not a coiupit t« » sponsion <>f the 
facts because it neglects the part of conduction done b\ the atoms, and 
hence will be expected to fail particularly at low trmpn.mm where the 
atomic conduction becomes important. 

The theory as outlined is not inconsistent with a 11 tint it *n of the 
classical expression for the Peltier heat. In p.trfk tdat tin- themv is in 
accord with the classical theory in at least two uqpct t% of ftinmoolectric 
phenomena. The magnitude of tin* pressure coeihrii nf ot the thermo¬ 
electric force would mean, according to the rias.de al thonn, that the 
number of free electrons does not change much with iiiciruNing picssure. 
This is in exact accord with the assumptions of our throiv. Further¬ 
more, the small Peltier heat between a solid and a liquid metal nukes it 
likely that the number of free electrons is not greatIv dittnent in solid 
and liquid. As will be seen in the following, our them y gi\tu an account 
of the difference of resistance between sol hi and liquid in in ms of a 
difference of free path only, without supposing a ditiejence in tin* number 
of electrons. 1here was here a weak point of tin* classical theory, because 
to account for the great difference of eomiuctiufy between solid and 
liquid it had to suppose a number of electrons much greater in flu* solid 
than in the liquid, which was not consistent with the thermo-electric 
phenomena. At the same time I do not believe that it is desirable tc: 
take over entirely the whole classical picture of the mechanism of thermo* 
electric action. There are, of course ions as well an wandering elect nan 
present in the metal, and these ions may play a part in thermo-electric 
action, although because of their relatively small translational velocity 
their part in conduction may be altogether insignificant. That wane 
such modification is necessary is indicated by tlu* fact that the rlassica 
expression for the Thomson heat demands that the number of free 
e ectrons increase as the square root of the absolute temperature*, whereat 
we have assumed that the number is constant. 1 lowever, t he Thomsen 
heat is relatively a small matter, and I have not attempted to bring i 
withm the range of the present theory. If the above considerations an 
sound it ought to be possible to get it in without essentially modifyinf 
the mechanism which we have set up to account for conductivity, 
this is as far as I have got at present with the quantitative develop 
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ment of the theory. Its advantages are obvious. It gives an unforced 
and inevitable description of the variation of resistance with tempera¬ 
ture, predicts the right sign and an important part of the numerical 
magnitude of the pressure coefficient, avoids the difficulty of the classical 
theory with the specific heats while retaining the classical explanation of 
the Wiedemann-Franz ratio, and leaves open the possibility of much 
greater conductivity or even superconductivity at low temperatures, 
which was not possible to the classical theory. Further development 
of this theory seems to demand more intimate knowledge of atomic 
structure than we have at present. 

But in addition to these quantitative facts, the theory is able to 
bring a very large number of facts qualitatively into line, as was empha¬ 
sized in the preceding paper. In the following I give a survey of the 
new facts brought out by the new experimental work, and the relation 
of the theory to these facts. 

i. The view of conduction as due to the passage of electrons from 
atom to atom through the substance of the atom receives confirmation 
from a group of phenomena not considered in detail in the previous 
paper, namely the phenomena of the resistance of alloys. Alloys fall into 
two main groups, according as they do or do not form mixed crystals. 
Those alloys which do not form mixed crystals solidify by the separation 
of the two components each in a pure condition, so that the solid alloy 
consists of a mechanical mixture of microscopic crystals of the two com¬ 
ponents. It would be expected that the resistance of a mixture of this 
sort would be the mean of the resistance of its components, and it is 
indeed the experimental fact that the resistance of such alloys can be 
computed by the rule of mixtures. The other class of alloys is one in 
which mixed crystals are formed, the atoms of the two metals entering 
side by side into the same crystal edifice. This is possible because of a 
certain degree of resemblance of the two kinds of atoms. The resem¬ 
blance is not complete, however, and the indiscriminate use of either kind 
of atom in the crystal edifice is possible only with a certain amount of 
distortion in the final result. It is a fact that most mixed crystals will 
not accept an unlimited amount of the foreign ingredient, but the two 
atoms will crystallize side by side only up to certain limiting propor¬ 
tions. In the mixed crystal structure we would expect, therefore, a 
certain amount of imperfect fitting between adjacent atoms, with the 
result that the electrons encounter difficulty in passing from atom to 
atom, so that, because of the extra resistance of the “gaps” between the 
atoms, the resistance of the alloy is greater than that computed from 
flip rnmnnnpnfQ. This is in exact accord with the e n r*m nta ac s. 
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3. It has been observed that as the proportions of the components 
change through a series of alloys forming mixed crystals the electrical 
resistance increases in that direction in which the mechanical hardness 
also increases. Now an increased mechanical hardness means an in¬ 
creased staggering in the positions of the atoms in the crystalline grains, 
so that it is more difficult to produce sliding of one part of the crystal on 
another, and by the same token an increase in the difficulty of the elec¬ 
trons in making the leap from atom to atom. 

4. In the previous paper a suggestion was made as to the possible 
explanation of the positive pressure coefficient of bismuth and antomony- 
The idea was that the amplitude might increase with increasing pressure 
instead of decreasing as normal. It was shown in that paper that the 
fact that both metals expand on freezing indicates that there is a certain 
relative position of the atoms in which the repulsive forces are unusually 
large at an unusual distance of separation, and that the atoms crystallize 
in this relative position. From a grossly material point of view this 
may be expressed by saying that the atoms have knobs, and that the 
metal crystallizes with the knobs in contact. On the average, except 
for these knobs, the bismuth atom may be much like that of other metals. 
The fact that the repulsive forces are unusually large at an unusual 
distance of separation of the atomic centers is compensated for by an 
unusually slow decrease of the repulsive force as the distance between 
atomic centers is decreased. This slow change of the repulsive force 
was shown in the preceding paper to be consistent with a decreasing 
frequency of atomic vibration as the centers are brought closer together, 
and hence consistent with an increasing amplitude with increasing 
pressure. 

This view receives interesting numerical confirmation from recent 
work of Gruncisen 1 on the equation of state of solids. He has shown 
that it is possible to a good degree of approximation to explain the 
behavior of solids by supposing that at least over a small range the 
forces between atoms are represented to a sufficient approximation by the 
expression 
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where the first represents a force of attraction, and the second a force 
of repulsion. In general m will be much larger than 2. Its magnitude 
will give an idea of how rapidly the repulsive force increases as the atoms 
approach. Gruneisen gives an equation for m in terms of atomic volume, 
atomic heat, thermal expansion, and compressibility. It is not necessary 
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to reproduce the expression here. Griineisen iinds that m varies for 
normal metals from 7-5 for iron to 15-6 for gold. If we apply (-.rimeisen’s 
formula to bismuth and antimony we find that tu lot tlu- lattei is 
and for the former 4-5- both very much less tlum for normal metals. ()ur 
point of view is confirmed, therefore, that the repulsive forces in bismuth 
and antimony increase more slowly than normal as the distance between 
atomic centers is decreased, and therefore we have the possibility of an 
increasing amplitude with increasing pressure and so an increasing 
resistance. 

5. The fact that the temperature coefficients of solid bismuth and 
antimony are normal is quite in accord with our view, for with rising 
temperature we have seen that the effect of temperature on increasing 
amplitude quite overshadows any pure volume effect, so that wo would 
expect the temperature coefficients of all metals to be nearly the same, 
irrespective of the behavior of the pressure coefficient. 

6. The fact that the pressure coefficient of liquid bismuth is normal 
in being negative is significant. It indicates that the positive coefficient 
of the solid is in some way connected with the crystalline structure. 
The picture which we have given of the mechanism of the positive coef¬ 
ficient of the solid has this property, for we have ascribed the increasing 
amplitude with increasing pressure in the solid to the fact that the atoms 
are held in fixed orientations with respect to each other, and that in 
this particular orientation the forces are abnormal in character. Such a 
fixity of orientation is possible only in the crystal. In the liquid there 
is no definite relation of orientation, the localities of abnormal force play a 
relatively unimportant part, and the liquid behaves normally. Not 
only is the pressure coefficient of liquid bismuth normal, but the tempera¬ 
ture coefficient is also normal for a liquid, and is less than that of the solid, 
and less than the reciprocal of the absolute temperature. 

7. It was shown in the previous paper that the abnormality of force 
between the atoms of bismuth made possible a crystal with abnormally 
large volume, and hence a crystal which expands on freezing. By analogy 
I was prepared for a positive pressure coefficient in gallium, which is also 
abnormal in expanding on freezing. The facts are the opposite, however, 
and the pressure coefficient of gallium is negative, as is normal. Our 
previous argument was entirely qualitative, however, and merely indi¬ 
cated the tendency toward an increasing amplitude with increasing 
pressure without setting up a criterion as to whether the tendency might 
be strong enough to counteract the normal tendency in the opposite 
direction or not. In the absence of a definite criterion therefore, we 
have only the rierht to exn ct the samfi tfinrlpnrv in cmllinm wif limit 
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actually being sure whether the tendency will be strong enough to make 
the coefficient positive. Now as a matter of fact, if the expected magni¬ 
tude of the pressure coefficient is calculated by the method of the previous 
paper, it will be found that the discrepancy for gallium is greater than 
for any other substance with negative coefficient, the calculated value 
being about twice the observed value. This means that the pressure 
coefficient is much less than we would expect from the behavior of normal 
substances, so that here we evidently have the tendency which we are 
looking for toward a positive coefficient. 

In other respects the behavior of gallium is as we would expect. The 
temperature coefficient of the solid is normal, and the temperature coef¬ 
ficient of the liquid is also normal in being less than that of the solid. 
Furthermore, the pressure coefficient of the liquid is normal, and is 
greater numerically than that of the solid, as we would expect, because 
the tendency to abnormality in the solid is due to a particular orientation 
of the atoms, and this disappears in the liquid. 

8. The behavior of lithium is of a type not shown by any other sub¬ 
stance yet known. Its pressure coefficient is positive in both solid and 
liquid, and the coefficient of the liquid is greater than that of the solid. 
The temperature coefficient behaves normally. Furthermore, the melting 
of lithium is normal, in that the liquid has a larger volume than the solid. 
The data seem not to have been previously determined. In the paper 
on new resistance data will be found the melting data for lithium which I 
determined for this particular purpose. I have followed the melting 
curve up to 8,000 kg., and it seems normal in every respect. Our picture 
of the mechanism of conduction in lithium must probably, therefore, be 
different from that of bismuth or antimony or gallium. It is of course 
possible that the explanation of the abnormal coefficient follows on the 
same lines as for other metals, namely an increasing amplitude of atomic 
vibration with increasing pressure. If this explanation is adopted, the 
abnormality of the atom must not be thought of as confined to certain 
localities which function only in the crystalline phase, but the abnor¬ 
mality must be one of the atom as a whole, for the liquid as well as the 
solid is abnormal. This is not an impossible view, for if m be calculated 
for lithium by Griineisen’s formula, the value 5 will be found, which 
is low compared with most other metals, but is not low compared with 
bismuth and antimony. But now the question arises as to the interpre¬ 
tation to be put on the value of m. m itself merely is a measure of the 
rapidity with which the repulsive force increases as the atom is ap¬ 
proached. A low value may be due either to an abnormality of a par- 
tin nart nf the atom, as we have sunn se he case with bismuth 
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and antimony, or it may indicate that the atoms are separated by more 
than the usual distance, and the repulsive force is not important. We 
would expect the latter view to be more nearly correct lor substances 
which are very compressible. This seems indicated by the fart that m 
is as small for the very compressible elements sodium and potassium as 
it is for lithium, and sodium and potassium have very largo negative 
pressure coefficients of resistance. Now lithium is also one of the most 
compressible metals. It seems likely to me that the low value of m is 
more probably connected in some way with the high compressibility than 
with an abnormality which might result in an increasing amplitude of 
atomic vibration with increasing pressure. 

Now there is a picture of conduction offered by the theories of Wien 3 
and Lindemann 1 which gives an alternative explanation, which may 
quite probably be correct for this particular substance. Their picture 
is of electrons as well as atoms located on a space framework, and of the 
space framework of electrons moving bodily through the framework of 
the atoms when an external force is applied. The mean free path of 
the electrons in this motion is interrupted by collisions with the nuclei 
of the atoms. This picture means a positive pressure coefficient of re¬ 
sistance for most substances, for as pressure is increased the channels of 
passage of the electrons become more restricted. The reason for this is 
that the closing in of the channels because of the decreasing distance 
between atomic centers more than neutralizes the opening of the channels 
because of decreasing amplitude of atomic vibration. This is in spite 
of the fact that the relative change in atomic amplitude is much greater 
than the relative change in the distance between atomic centers, because 
the distance between atomic centers is absolutely much greater than the 
amplitude. It will be found as a matter of fact that if the relative 
magnitudes of atomic distance and amplitude and of the changes of 
atomic amplitude and distance with pressure be calculated for lithium, 
Wien and Lindemann’s picture would lead us to expect a positive pressure 
coefficient. Evidently the positive pressure coefficient suggested by this 
picture remains true for the liquid state so long as the electrons continue 
to move between the atoms. 

Apart from the argument from the pressure coefficient, this picture 
of Wien and Lindemann seems to have a particular probability of being 
correct for lithium because of its atomic structure. The structure is a 
simple nucleus consisting of a central positive charge and two electrons 
rotating about it, and a single other electron connected in some way with 
the nucleus at a relatively large distance. If the superficial electrons of 

1 F. A. Lindemann, Phil. Mag., 29, 127-140, 1915. 
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the atom are ever to arrange themselves into a space lattice, it would 
seem that here is their chance. 

The fact that the pressure coefficient of liquid lithium is larger than 
that of the solid is simply explained as due to the greater compressibility 
of the liquid. The compressibility of the liquid has never been measured, 
but there is no case known in which the liquid does have a smaller com¬ 
pressibility than the solid, and furthermore the behavior of the melting 
curve, its direction of curvature, and the direction of the difference of 
volume between solid and liquid, makes it almost inevitable that the 
compressibility of the liquid be greater than that of the solid. 

The fact that the pressure coefficient of resistance becomes greater at 
higher pressures is also intelligible from this point of view. The channels 
through which the electrons slip are the spaces which' are left between 
atomic centers after the in penetrable nucleus has been subtracted. 
Hence a given proportional decrease in the distance between atomic 
centers will mean a greater proportional decrease in the channel when the 
atoms are close together (high pressures) than when they are further 
apart. 

9. On the other hand, the increase of the pressure coefficient of bis¬ 
muth and antimony with increasing pressure is at least perfectly con¬ 
sistent with the picture presented of their conduction as performed by 
electrons passing through the atoms instead of between them. If refer¬ 
ence is made to Fig. 1 of the previous theoretical paper it will be seen that 
it is quite possible that as the atomic centers approach the restoring 
force per unit displacement becomes weaker. In fact such a behavior 
is inevitable at some value of the volume, but we have no criterion for 
deciding whether this takes place at a volume greater or less than the 
volume at which the crystal is stable. Now such a weakening of the 
restoring force when the volume decreases means an amplitude of vibra¬ 
tion becoming progressively larger at the higher pressures (smaller 
volumes), and hence a pressure coefficient increasing with increasing 
pressure. 

10. The pressure coefficients of calcium and strontium were also found 
to be positive. It is difficult to decide from the data at hand whether 
this is more probably due to the lithium or the bismuth type of mechan¬ 
ism. The melting data are not known for either of these metals, so that 
we do not know whether the liquid or the solid has the greater volume. 
Neither are the data known for the effect of pressure on the resistance 
of the liquid. It is true that the value of the “m” of the atomic force 
calculated for calcium is sojnewhat lower than for the ordinary run of 
metal . beine* 6, but the compressibility of calcium is also high, and the m 
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for strontium is distinctly high, I't'in.u‘»- 5 - b P*"bible that 

the mechanisms of calcium and strontium air thr suiic, l.u .msc ot their 
similar positions in the periodic table. I believe that at pieseiit the 
probability is in favor of the lithium rather than the l-bumth type of 
conduction. The melting data would be a gnat help toward this 
decision. 


11. There is an interesting relation between the temperature coef¬ 
ficients of solid and liquid lithium. At the melting point <>t lithium, 
180°, the temperature coefficient of the solid is o.(k*«- 3 1 {obtained by & 
linear extrapolation of the resistances at 0“ and too' and therefore 
somewhat uncertain, but the best that we can do), and the euelhcient of 
the liquid is 0.00150. The ratio of these two eueltieienfs is Mai, which 
is almost exactly the ratio of the specific resistance «»f the liquid to that 
of the solid at the melting temperature, for which I found the value 1.68. 

This can be easily understood in the light of Wien and Lindemann’s 
picture. The resistance of the liquid is higher than that oi tin* solid 
because the regular channels between the atoms art* broken up by the 
haphazard arrangement of the atoms in tin* liquid. Now this factor of 
random arrangement of the atoms in the liquid is one that will persist 
at all temperatures, producing a permanent difference «»! resistance 
between solid and liquid. This can be given mathemath al expression. 
Write the equation 

R l « R a + Alt, 


where R L is the resistance of the liquid, R H the resistance of the solid, 
and A R the increment of resistance on passing from solid to liquid. 
Now differentiate with respect to the temperature 

R l dt ~~R l 'R 8 dt + R^'aR dt ' 

If the experimental relation 

1 dR L R a 1 dR A 
R l dt dX 

is to hold, then we must have dAR/dt - 0. That is, the increment of 
resistance when the solid passes to the liquid is independent of tem¬ 
perature, which is what our picture suggested. 

12. The same relation between the temperature coefficient of the solid 
and the liquid holds for some other metals. Thus for sodium at the melt¬ 
ing point at atmospheric pressure I found for the coefficient of the solid 
Q.00414, and for the liquid 0.00310. The ratio of these is 1.34, and I 
found experimentally the ratio of the resistance of the liquid to that 
of the solid to be 1.455. Mercurv has the Woratm W t h* 
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ratio of specific resistance of liquid to solid, and we would therefore 
expect an unusually small temperature coefficient for the liquid. It is 
in fact unusually small, being only 0.00090 at o° C. If we assume that 
the coefficent of the solid is x/r, we find for its coefficient at the melting 
point ( — 38*85°) 0.00409, and for that of the liquid at the same tempera¬ 
ture 0.000934. The ratio of these is 4.38 and the ratio of the resistance 
of the liquid to the solid found by Onnes 1 is 4.22. On the other hand, 
the relation breaks down for solid and liquid potassium. I find that the 
temperature coefficient of the liquid is actually slightly greater than 
that of the solid at the melting point, which is abnormal, whereas the 
resistance of the liquid is 1.56 times greater than that of the solid. It 
might be mentioned that my figures for the temperature coefficients of 
solid and liquid do not agree with those of other observers. The values 
of Northrup 1 are most favorable to the hypothesis being urged here. 
He makes the coefficient of liquid potassium less than that of the solid, 
but the ratio of the two coefficients as found by him is only 1.27, whereas 
the ratio of specific resistances would demand 1.56. 

The only other- metals for which I have determined the coefficients, 
namely bismuth and gallium, cannot possibly satisfy the relation because 
the temperature coefficients of the solid are greater than those of the 
liquid, as is normal, but the resistance of the liquid is less than that of 
the solid. This is because of the abnormal volume relation, so that we 
are not surprised that the relation breaks down. 

There are also some data of Northrup 3 for other metals. For gold 
his data give a ratio of the temperature coefficients at the melting point 
of 2.15, and he found for the ratio of the resistances 2.28. 

Now with regard to the explanation of this relation between the tem¬ 
perature coefficients, our point of view would lead us to expect an invari¬ 
able element, unaffected by changes of temperature, in the relative 
resistances of solid and liquid, and hence, according to the analysis, a 
ratio of the coefficients equal to the inverse ratio of the resistances. 
When the solid melts to the liquid the atoms lose their regular mutual 
arrangement, which becomes haphazard. In passing from atom to 
atom in the liquid the electrons cannot avail themselves of particularly 
favorable localities, but must use the average of the entire atom. This 
element will be a permanent difference between solid and liquid, un¬ 
affected by changes of temperature. However, the relations are so com¬ 
plicated that this can be only part of the picture, and in fact the relation 

1 K. Onnes, Kon. Akad. Wet. Proc., 4, 113-115, 1911. 

2 E. F. Northrup, Trans. Amer. Elec. Chem. Soc., 20, 185-204, 1911. 
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does not always hold. There is a specific effect due to tin* ‘V’ term in 
our formula for resistance. This may to some extent be neutralized by 
the tendency of the “ gaps” in the liquid condition to function in the 
second way, decreasing instead of increasing the resistance with increasing 
amplitude. Furthermore, it is not certain to what extent our deduction 
of the variation of amplitude with temperature and pressure is valid for 
the liquid. We assumed that the energy of atomic vibration was either 
potential,or else kinetic energy of to and fro motion. Now in the liquid 
there is probably some rotational energy as well. The exact relation 
between the translational and the rotational energies in the liquid is not 
yet clear, so that we do not know how large an effect to expect on this 
account. It seems evident, however, that the direction of the effect 
will be to decrease somewhat the temperature coefficient of amplitude, 
because part at least of the energy will be rotational, and therefore the 
translational energy, and so the amplitude, cannot increase as rapidly 
with increasing temperature as if we had supposed all the energy to be 
translational. 

The entire theoretical significance of this observation as to the ratio 
of the temperature coefficients of solid and liquid may therefore not yet 
be completely clear, but at any rate the observation itself is to be kept 
in mind. I am not aware that this relation has been previously noticed. 

13. The considerations of the last section have an application to the 
temperature coefficient of resistance of the liquid at high temperatures. 
Write the formula for the resistance in the form 

R l = const r in ll L . 

Now the free path, l Ll is inversely proportional to the chance, /$, that the 
free flight of the electron will be terminated in passing from atom to 
atom. Let us analyze this chance of termination into two parts. One 
will depend on the haphazard orientation of the atoms with respect to 
each other, and will be independent of temperature, and the other will 
depend on the amplitude, and will, as before, be proportional to the 
amplitude, if we can neglect the pure volume effect, and the tendency 
of the gaps to function in the second way. Hence we may write 

P = Ai + A%Ol t 

which gives 

R l = const r il2 (A + a). 

Differentiate this with respect to the temperature, giving, 

I dRt I a 
Rr. dr 2 1 A 4 - a 
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Hence we see that at high temperatures, where a is large, the temperature 
coefficient again approaches i/r, although at lower temperatures it is 
less than i/r. These considerations apply only to those liquids for which 
the functioning of the gaps by decreasing resistance at large distances of 
separation may be neglected. Now there are liquids for which this last 
factor is certainly important, as zinc and cadmium, whose temperature 
coefficients immediately after melting are negative, but there are other 
liquids, as tin and lead, whose resistance in the liquid shows no peculi¬ 
arity. The resistance of these liquids increases linearly with the tem¬ 
perature. In fact the linear increase of the resistance of tin is so striking 
that Northrup and Suydam 1 have proposed this as the basis of a re¬ 
sistance thermometer. Now it is evident that the temperature coefficient 
of any metal which increases linearly in resistance with temperature 
must eventually become equal to I /r, according to the above formula. 

14. The very large difference of resistance between solid and liquid 
mercury is striking, particularly in view of the fact that the change of 
volume on melting is not larger than usual. This would suggest that 
the structure of the mercury atom is such that the element of haphazard 
orientation is particularly important. This element we saw has a 
tendency to constancy. Consider now the variation of resistance with 
pressure. I found experimentally that the pressure coefficient of the 
liquid is less numerically than that of the solid, a somewhat unexpected 
result. Write 

R l = R s + A R. 

Differentiate with respect to the pressure 



This equation shows at once that the experimental relation 



demands that 

i_(dAR\ j/aRA 

a R\ dp ) r < Rs \ dp ) T ' 

which is what our picture led us to expect. Notice that we have dis¬ 
regarded the pure volume effect, so that these considerations would not be 
expected to apply to a highly compressible metal. Mercury, however, is 
relatively incompressible, and the considerations have a certain force. 

15. A similar consideration applies to the pressure coefficient of alloys. 
The pressure coefficient of resistance of the alloys of the relatively in- 
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compressible metals is usually less than that uf the components. This 
is to be ascribed to a relative insensitiveness to procure of the feature 
which is responsible for the increased resistance ui the alloy. This 
feature is the failure of the exact register of the different kinds of atoms, 
and this feature will be insensitive to pressure unless the atoms them¬ 
selves are highly deformable. The data for alloys art* \ery restricted, 
and it is not known how the alloys of such very compressible metals as 
sodium and potassium would behave under pressure. 

16. The same considerations also show why the ratio ot resistance 
of solid to liquid is relatively constant along the melting curve. For 
the six substances which 1 measured this ratio suiteivd relathely little 
change, although the accuracy of the measurement was not as great as 
desirable in some cases. This constancy is to he ascribed to the fact 
that the effect of haphazard orientation in the liquid ah opposed to the 
regular arrangement in the crystal is an intrinsic difference between solid 
and liquid, and is not affected by temperature and pressure changes. 

17. In my previous paper some significance was attached to the fact 
that the temperature coefficient of liquid mercury at constant volume is 
negative. This was ascribed to the second manner of functioning of the 
gaps at the increased volume of the liquid. It was suggested that such 
might be found to be the case for all liquid metals. At the same time 
there was no necessity in the suggestion, and there was no criterion 
which could show whether the second manner of functioning of the gaps 
would be more important than the normal method for other metals or 
not. It appears that this is not the case for the new metals. Tin* compu¬ 
tation could be made only for sodium, potassium, and bismuth. The 
values of the thermal expansion are not known for liquid gallium. For 
lithium, because of the abnormal pressure coefficient of the liquid, the 
temperature coefficient of the liquid at constant volume is even larger 
than at constant pressure, and is of course positive. The computation 
for the three metals above is somewhat uncertain because the com¬ 
pressibility and thermal expansion of the liquids are not known with 
any great accuracy. A discussion will be found in the new American 
Academy paper. I find for sodium that the coefficient at constant pres¬ 
sure is 0.00325 against 0.00170 at constant volume; for potassium the 
respective coefficients are 0.0044 and 0.0025, and for bismuth they are 
0.000475 and 0.000015. The uncertainty in the fundamental data is not 
so great but that there can be no doubt that the coefficients at constant 
volume of both liquid sodium and potassium are positive, but there may 
be considerable question in the case of bismuth. 

Sodium and potassium are among the most compressible and ex- 
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pansible of the elements, and it is perhaps not surprising that for them 
the amplitude continues to function in the normal manner. The example 
of bismuth makes it not unlikely, however, that the coefficient at con¬ 
stant volume of the ordinary liquid metals may be negative, as it is for 
mercury, instead of positive. It is in any event significant that the 
difference between the coefficients at constant volume and constant 
pressure of all the liquid metals is greater than the difference for the 
solid, so that the tendency of the gap to function in the second way is 
manifest. 

The second manner of functioning of the gap in liquid mercury may 
at first seem inconsistent with the relative constancy of the gap under 
pressure, which we invoked to explain the pressure coefficient of the 
liquid being less than that of the solid. But it is to be remembered 
that a change of temperature is always more effective than a change of 
pressure (compare the magnitudes of the compressibility and the dila¬ 
tation) so that the two facts are not inconsistent. It is also to be kept 
in mind that the difference of compressibility between solid and liquid 
mercury is abnormally small. 

18. The behavior of the alkali metals sodium and potassium is of 
interest because of the unusual magnitude of the effect, and demands 
special discussion. 

In the first place I may mention in the interest of candidness that I 
had anticipated a possible positive pressure coefficient for potassium on 
the basis of the similarity of the structure of its atom to that of lithium. 
According to Langmuir’s picture, 1 lithium consists of a positive kernel 
surrounded by one shell, with a single electron outside that shell, whereas 
potassium consists of a positive kernel, two surrounding shells, and a 
single electron outside the two shells. This similarity would seem to 
give some justification for the expectation of a positive pressure effect. 
However, the facts are the exact reverse. Not only is the pressure 
coefficient of potassium negative, as is normal, but it is larger than for 
any other metal as yet measured. It would seem, therefore, that the 
greater size of the central portion of the atomic structure of the atom of 
potassium prevents the arrangement of the superficial electrons in a space 
lattice, or at least is not favorable to the ready mobility of such a lattice, 
if it exists. The mechanism of conduction in the case of potassium is 
probably normal, in that the electrons pass through the substance of the 
atoms. It must be said, however, that potassium is abnormal in several 
respects. My measurements make the temperature coefficient of the 
liquid at the freezing point greater than that of the solid, and the pressure 

1 1 . Langmuir, Jour. Amer. Chem. Soc., 41, 868-934, 1919* 
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effects are abnormal in that the coefficient of the liquid decreases with 
increasing temperature. It is therefore not impossible that part of the 
mechanism of conduction of potassium is abnormal. 

If the expected magnitude of the pressure coefficients of sodium and 
potassium is computed on the basis of the preceding paper from twice 
the pressure coefficient of amplitude, it will be found in both oases that 
the computed values are very much too small. The observed coefficient 
of sodium is 1.75 times the computed, and the observed value for potas¬ 
sium is 2.4 times that computed. According to our view, this means an 
unusually large volume effect in addition to the amplitude effect. Now 
not only are the compressibilities of sodium and potassium among the 
highest of the elements, but the change of atomic distance with pressure 
is an unusually large fraction of the change of amplitude, so that for this 
additional reason we would expect a large volume effect. If the ratio 
of the pressure coefficient of amplitude to the coefficient of linear com¬ 
pressibility be computed, by the use of formulas already given, the values 
3.8 and 3.6 will be found for sodium and potassium respectively. This is 
unusually small, we have already seen that the run of values for the 
ordinary metals is from 6 to 9. Lithium is the* only metal which is 
markedly lower, and for this the ratio is 0.95, but since its conduction 
mechanism is abnormal, we need not consider it further. It is, then, 
just for such metals as sodium and potassium that our picture would lead 
us to expect the largest discrepancy between the amplitude* and the 
total effects, and it is just here that we find them. 

Sodium and potassium are also unusual in the large decrease* of the 
pressure coefficient with increasing pressure. Between atmospheric 
pressure and 12,000 kg. the instantaneous coefficient of sodium has de¬ 
creased by a factor of 2.5, and that of potassium by 2.6. In the previous 
work the largest decrease was for lead, with a factor 1.38. The large 
decreases for sodium and potassium are evidently connected with the 
unusually high compressibilities. It is a universal result of experiment 
that those substances with a high compressibility show not only an unusu¬ 
ally large absolute decrease of compressibility with rising pressure, but 
the relative decrease is also unusually high. The actual data have not 
been determined for sodium and potassium, but we have every reason to 
expect that the same will be found to hold for them also. This means 
that the volume effect becomes relatively less at high pressures, and that 
the pressure coefficient decreases by an unusually large amount. 

In addition to the unusually large decrease of pressure coefficient with 
increasing pressure, there is an unusually large change of the coefficients 
with temperature. The pressure coefficient increases with rising tempera- 
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ture by an unusually large amount, whereas the metals of the previous 
paper showed relatively little change with temperature. The coefficients 
of sodium at atmospheric pressure increase by a factor of 1.18 between 
o° and 8o°. The corresponding comparison cannot be made for potas¬ 
sium, because it is not solid over a wide enough range, but a comparison 
of the results at higher pressures shows that the change for potassium 
is even more rapid than for sodium. Of course a mathematical cons- 
quence of a pressure coefficient changing rapidly with temperature is a 
temperature coefficient changing rapidly with pressure. This effect again 
can be explained on the basis of the volume effect. Sodium is unusually 
expansible at atmospheric pressure, and we would expect a temperature 
coefficient considerably greater than that computed on the basis of the 
amplitude effect alone, that is, a coefficient greater than i/r. And as a 
matter of fact, the average coefficient of sodium between o° and ioo° 
is 0.00475, larger than i/r by an unusual amount. Now at higher 
pressures, although the actual measurements have not yet been made, 
it is exceedingly probable that the volume expansion will show an un¬ 
usually large decrease, and that sodium will appi'oach more nearly the 
behavior of the more staid metals. The behavior of the temperature coef¬ 
ficient is in entire accord with this expectation, at 12,000 kg. it has 
dropped from 0.00475 to 0.00408, a value still somewhat larger than i/r, 
but not any larger than for many of the other metals at atmospheric 
pressure. 

These considerations would lead us to expect the temperature coef¬ 
ficient to become not less than 1 /r for any pressure, no matter how high, 
as long as the atomic vibration continues to function in the normal way 
in decreasing the probability of an undisturbed flight of the electron. 
It is conceivable that at exceedingly high pressures the atom itself may 
become so much compressed that a moderate amount of temperature dis¬ 
turbance is not sufficient to interfere at all with the chance of passage of 
an electron from atom to atom. The kinetic energy of temperature 
agitation in such a solid would consist in a quivering of the nucleus 
within the outer structure of the atom, which is prevented from much 
superficial motion by the close packing of the adjacent atoms. % This 
state of affairs demands an unusually small thermal expansion. If such 
a state of affairs should occur, we might expect the temperature coef¬ 
ficient of resistance to become less than i/t. Now this is actually what 
does occur with potassium. Its mean temperature coefficient between 
25 0 and 6o° decreases from 0.00454 at atmospheric pressure to 0.00184 
at 12,000 kg., the final value thus being much less than 1 /r. This specu¬ 
lation is most attractive. hut more weight cannot be at ached t it u ti 
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the dilation of potassium has been measured at high pressures. It may 
be said that ifthis effect is to exist anywhere, it has the best chance with 
potassium pf'the metals measured, since it is by far the most compressible. 
Potassium is a Ijrifle more than twice as compressible as the nearest metal 
spdium. An^in further support of this view it may be noticed that the 
temperature coefficient of potassium at 6,000 kg. has dropped only to 
0.0034, and it is therefore still a little higher than ijr (r ~ 2<)8° Abs.), 
so that the decrease of the temperature coefficient becomes increasingly 
rapid at higher pressures, a most unusual behavior for a pressure effect. 
In caution it may be said that the experimental accuracy in determining 
the variation of the coefficients of potassium was not so high as for some 
other substances. It will be most interesting to attempt the verifica¬ 
tion of this observation on caesium, which is almost twice as compressible 
as potassium. 

If this observation should be justified by the measurements of thermal 
expansion, it would be a further most important verification of the view 
that the free flight of the electrons is interfered with during the passage 
from one atom to another, and that the interference is not due to the 
vibration of the nucleus, for the temperature agitation of the nucleus 
must continue to exceedingly high pressures, 

19. The new data cover the non-metallic elements carbon and phos¬ 
phorus (black). It is probably too early to extend this theory to all 
non-metallic substances, but it is interesting that in two important par¬ 
ticulars the behavior of carbon and black phosphorus is what we would 
expect. We have thought of the gaps between atoms as functioning in 
two ways. Normally in metals the electrons leap easily across the gaps, 
and their passage is made more difficult by temperature agitation. The 
gaps, when in this condition, have a low specific resistance. But when 
the atoms are separated by more than the usual amount the electrons 
usually find difficulty in leaping the gaps, which are thus of high specific 
resistance, but the passage may be made more easy by increasing violence 
of temperature agitation, which brings the atoms closer together during 
part of their vibration. If the gaps are on the average in this second 
condition, we expect a high specific resistance for the substance as a whole, 
and a negative temperature coefficient of resistance (at least at constant 
volume, and presumably at constant pressure). Now these are the facts 
for both carbon and black phosphorus. Their specific resistance is much 
higher than that of any metal, but their temperature coefficient is 
negative. 

It is also natural to expect that in such a substance the effect of pressure 
will be to drive the gaps from the second condition to the first as the 
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This mean 
This is the 





sistancc is still much higher than for metals. The specific resistance of 
black phosphorus normally is I ohm per cm. cube, and therefore at 
12,000 kg. it is still 0.03. The temperature coefficient at 12,000 kg. is 
still negative, but has dropped numerically from 0.0058 to 0.0030, which 
is in the direction to be expected as the resistance approaches that of a 
metal in character. The pressure effect on black phosphorus is different 
in another respect from that of metals, in that the relative coefficient 
I /R(dR/dp) r is very nearly independent of pressure. We saw that for 
metals this coefficient decreases with increasing pressure, and we gave 
as the explanation the decreasing compressibility with increasing pressure. • 
It is evident that the mechanism is different in the case of black phos¬ 
phorus. A constant coefficient would mean that a constant increment 
of external pressure always drives the same fraction of the total number 
of gaps from the second into the first group. We would expect this 
condition to hold as long as the number of electrons in the second group 
is still large. That this number still is large, even under 12,000 kg., is 
shown by the fact that under 12,000 kg. the resistance is still very much 
higher than for metals. 

Conclusion. 


We have now considered a great many of the phenomena of the elec¬ 
trical resistance of metals, and found them all consistent with the view 
of the nature of electrical conduction previously advanced. The facts 
considered in this paper were nearly all not known when the view was 
first suggested and arc different in character from any previously avail¬ 
able, having largely to do with the pressure and temperature changes 
of resistance of both the liquid and the solid metal, particularly of the 
alkali metals, in which the effects are very large. 

The view of conduction is that the free paths of the electrons are 
interfered with in jumping from atom to atom, but that throughout the 
interior of the atom there is no resistance to their motion. We have put 
this conception into quantitative form, partly on the basis of the classical 
theory. At ordinary temperatures we have assumed the equipartition 
velocity of the electrons, that their number is independent of the tem¬ 
perature, and that the free path varies with the amplitude in a way which 
may be computed. This gives Ohm's law, the correct temperature coef- 
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effect, vanishing resistance at o° Abs., and avoids the specific heat diffi¬ 
culty. In addition there are certain features which ran be discussed 
only qualitatively; there is a specific effect of changing volume of which 
we may be pretty sure of the sign, but which depends in an unknown 
way on atomic structure, and there is a second manner of functioning 
of the “ gap ” at large volumes. Within the restricted range open 
to quantitative discussion the facts are in accord with the theory, and 
throughout the much wider domain open to qualitative discussion I have 
not found a single fact which is inconsistent, and many which I believe 
demand this view uniquely. 

The probability seems great that the view contains the most important 
elements operative in the phenomena of resistance and thermal conduc¬ 
tion in metals. This theory does not exclude the presence of other 
factors which may be important for the thermo-electric and the Hall 
.effects. In fact our theory has made it inevitable that there should he 
in the metal charged ions as well as the electrons, and there is no reason 
why these should not be important in certain phenomena, although 
because of their low velocity of translation they cannot be expected to 
play a large part in conduction. 

The Jefferson Physical Laboratory, 

Harvard University, Cambridge, Mass. 
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Introduction. 

In an earlier investigation 1 1 have determined the effect of pressure 
on the resistance of a number of the metallic elements, and have 
considered the significance of the results for theories of metallic con- 
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duction. The result* thru obtained mgkeUrd a uumbrr of important 
questions which could not then he answered brrau «* ihr data had not 
been determined. In particular, the elVeet <»f pre < m e mi t he reactance 
of only one liquid metal had been men aired, uiereurv, and tin* com¬ 
parative elleet of pressure on the resistance of the .ante metal in the 
solid and the liquid state* was not known for am mb Uanee. Further¬ 
more, the effect of pressure on none of tin* alkali metal, wa . known; 
it is just here that tin* largest effects would lit* exported ami the* most 
significant results for theorv. The extra don of the mea amaiieum to 
these substances demanded certain change**, and iiupro\ emrnt - in the 
technique. I was soon able to make ntea utreuieuis on tin* alkali 
metals, and to my very great Mtrpri .<• found that tin* re 4 .tuner of 
lithium increases under pressure, wlierea- that of the other alkali 
metals sodium and potassium decrease, greatK . It wa . ob\iom that 
■our pictures of the mechanism of conduction are not \ et «u perfect 
that we can reason by analogy e\en from one element to another 
closely related in tin* periodic table. The importance of making 
actual measurements on as mans of tin* element * a, pn aide, particu¬ 
larly the rarer oiu*s, was obvious. 

In the present; work 1 have therefore attempted in r\tmd tlu* 
previous measurements to as many new element . a, the new resources 
of my technique, and the availability of the element . fbetusiduo Iuh 
made possihlt*, with t*sp(*eial n‘fen‘m*(* to tlu* question of the re 4 a a net* 
of the metals liquid within a moderate temperature range. Further¬ 
more, a number of commercial alloys lm\e been emphned in other 
work, and rougdt measurem<*nts of tlu* ellVet of pressure on tlu* re¬ 
sistance of them have been necessary; it has been an etts\ mat ter to 
make the measurements precise enough to be included here. Of 
course the entire question oi the effect of pressure on tlu* resistance of 
the alloys is a most complicated one, and these isolated results can¬ 
not as yet have much significance. 

TLhe results given here arc' for eighteen new elements and *4\ com¬ 
mercial alloys. In addition, better results than were possible in the 
previous work are here given for tungsten and magnesium, ltd ter 
results on tungsten were possible because of tlu* availability of purer 
material, and for magnesium the new technique makes possible tlu* 
elimination of contact resistance, which introduced very large* error 
in the previous work. 
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Experimental Method. 

The metals measured in the previous investigation could all be made 
into wire of small diameter, and therefore high resistance, and nearly 
all of them could be soldered. The resistance was measured on a 
Carey Foster bridge. Tt was essential to accuracy that the resistance 
be so hi<>’h and the contacts so good that the relative changes in contact 
resistance under pressure were negligible. Very few of the metals of 
this investigation satisfy this condition. For the measurement of the 
effect of pressure on the resistance of these, some sort of potentiometer 
method is indicated. The resistance of the contacts then is without 
effect, and relatively small changes on small resistances can be meas¬ 
ured accurately. 

The application of a potentiometer method demands four leads to 
the pressure chamber, two current leads, and two potential leads. 
Tliree of these leads must be insulated from the pressure chamber; ^ 
the fourth may be grounded on the walls. An insulating plug carry¬ 
ing three leads was used in this work. It is an obvious modification 
of the single terminal plugs previously used. It may be mentioned 
that the modification of the design of the plug suggested on page 641 
of the paper referred to, making possible the use of the ring packing, 
has been in use now for a number of years, and was used with the new 
three terminal plug. The chief difficulties encountered in the three 
terminal plug wore the mechanical difficulties of securing the accuracy 
required in getting three terminals into a small space. The fine in¬ 
sulated stems were made of piano wire 0.032 inches in diameter, held 
into a head at the top by a special wedge grip. Each of these stems 
with its head was tested before assembling with a tension of 270 
pounds, corresponding to a pressure of over 20,000 kg/cm 2 . Without 
a preliminary test there is danger that the stem will pull out of the 
head under pressure. The mica washers used for insulation of the 
plug were punchings, made a tight fit for the hole, which was 0.209 
inches diameter. They were forced into place in the plug, and drilled 
concentrically for the stem with suitable jigs after they were in final 
position. Later the mica washers have been replaced with pipe-stone 
washers with more satisfactory results. The chief difficulty en¬ 
countered with this plug has been in using it near 100 °. Here the 
rubber insulation gives out under the action of the petroleum ether 
with which pressure is transmitted, and the insulation has to be re¬ 
newed much more frequently than with the larger plug. 
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The method of electrical measurement is a null substitution method. 
In series with the material under pressure is a second resistance, part 
of which consists of a slide wire. By means of a variable slider, it is 
possible to tap off a variable part of this second resistance. A throw- 
over switch enables either the potential terminals of the pressure coil 
or the variable part of the series resistance to be connected to the 
indicating galvanometer. This galvanometer is a Leeds and Northrup 
high sensitivity moving coil instrument. At the scale distance used 
its sensitiveness was 10~ 9 volts; its sensitiveness could be. decreased 
with appropriate shunts. 

The measurements are made by adjusting the various resistances 
'so that there is no change of deflection on operating the throw-over 
switch. The resistance of the pressure coil may then be computed 
from the known values of the other resistances. In practise, sensi¬ 
tiveness and speed of operation are increased by throwing into the 
galvanometer circuit another e.in.f. approximately equal and opposite 
to the potential difference across the pressure coil, so that the actual 
deflection is approximately zero. This balancing e.m.f. should be 
variable over a wide range and should be fairly constant. To produce 
it, I used the apparatus previously used in measuring thermal o.m.f. 
under pressure, tapping across the former pressure terminals. The 
refinements of that apparatus were not necessary, but it was easier to 
use apparatus already at hand than to construct new. The apparatus 
by which the variable balancing e.m.f. was applied is indicated by 
YE in Figure 1. 

The details of the connections are shown in Figure l. When ad¬ 
justments are made we know that the potential drop around R (the 
pressure coil, which is usually a small fraction of an ohm) is equal to 
that about R z plus n. This latter drop of potential may be computed 
from the known values of R h ll 2 , R Zf r u and n, and gives 

11 =_ Ri(R * +_ n) __ 

R\ 4“ R‘i + R z 4" n 4- /*o 

The resistance n (and r2 accordingly) is the only resistance' varied 
during a pressure run; the other resistances R u Rh and R z being 
appropriately chosen and then kept constant during each run. Since 
n 4 - H = r ( a constant) we have, for any one run, 

A R = C An 

or, putting R = R 0 -f* A R, and writing no for the initial value of n 
corresponding to R = R 0 
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AR __ An __ 

Rq Rs + no L 3 •+■ Jo 

where i 3 is the length of the slide wire having the resistance R 3 , and 7 o 
and A/ are the actual readings of the slide wire. This arrangement 
therefore, gives immediately in terms of slide wire settings the propor¬ 
tional change of resistance under pressure. If R$ is kept constant for 
the runs on the same metal at different temperatures, making the 
necessary adjustments in passing from one temperature to another by 
changing only Ri and Ri, the readings give directly a comparison of 
the pressure coefficients at different temperatures without demanding 
a knowledge of how the resistance itself varies with temperature. 
This was the procedure followed in this work; the pressure coefficients 



Figure 1 . The electrical connections by which resistance is measured. 
The resistances are so adjusted that the potential drop across R is equal to 
that across i? 3 + n. 

are therefore independent of any error in the temperature coefficient 
of resistance at atmospheric pressure. 

In actual construction, all parts practical were made of copper. 
The resistances Ri and R ti were fixed coils dipping in mercury cups in 
| inch copper bars. The apparatus was so designed that all terminals 
were within a few inches of each other, in order to avoid thermal 
effects. The slide wire was of manganin. The slider was also of 
manganin, and was attached by soldering to a flexible manv-stranded 
manganin wire making connection at the other end to a copper block 
surrounded by the bars containing the other terminals. By soldering 
the flexible manganin lead to the slider very close to the point of con¬ 
tact with the slide wire, thermal electromotive forces in this part of 
the circuit were very largely avoided. 
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The effect of parasitic* electromotive forces in the circuit, was 
eliminated by taking the mean of readings with direct and reversed 
potentiometer current. A reversing switch was supplied for this 
purpose, as also in the circuit of the balancing variable e.m.f. The 
only requirement in the potentiometer current is that it shall remain 
constant during the substitution of the' pressure eoil for the slider. 
The substitution was made rapidly by a double' throw switch, so that 
an ordinary dry cell was entirely good enough as the' source of the 
potentiometer current. 

The function of the resistance' ft (Figure' \) was me're'Iy to provide 
an additional adjustment by which the' deflection e>f the galvanometer 
might be easily made null. An ordinary ele'eade box was good enough 
for this. 

The usual procedure was as follows. A preliminary examination 
indicated the order of the pressure effect. ft { was them so <‘lmsi v n that 
the motion of the slider >vould be of the orele'r of 40 cm. for the entire 
pressure range, the total length of the slide wire' being (H) <*m. R\ and ft 
were then so chosen, ek'peneling on tlu* actual resistance* of the* pressure 
coil, that the galvanometer deflection was unaltered on substituting 
the pressure coil for the slide wire. The* following coils for ft and ft 
usually gave sufficient range of choice; two 0,5 ohm coils, two l’s, 
and one each of 2, 3 , 4 , 10, 20, and 30 ohms. For ft a plug box from 
0.1 to 1000 ohms was used. ft was then set at about 2000 ohms, or 
less if the parasitic e.m.fVs. were troublesome, and the* balancing e.m.f. 
adjusted to give no deflection. These adjustments were preliminary 
to the application of pressure. The adjustments after each change of 
pressure were, first, an adjustment of ft to give again approximately 
null deflection when the pressure coil is in circuit, second, setting of 
the slider to give no change in deflection on substitution, third, re¬ 
versal of the potentiometer current and the balancing e.m.f, and re¬ 
setting of the slider for no change of deflection, and fourth, change of 
the potentiometer current and the balancing e.m.f. back to their 
original directions and again setting the slider. By taking an odd 
number of readings the effect of any slow change of the parasitic e.m.f. 
due to dissipation of the heat of compression was eliminated. The 
potentiometer current was usually so chosen that the difference of 
slider^ setting for the two directions of the current occasioned by the 
parasitic e.m.f. was less than 1 cm. 

The coils were all compared with standards and proper corrections 
applied. The slide wire was calibrated and corrections applied for 
ack of uniformity. In general, all the precautions of manipulation 
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and construction previously employed in measurements of resistance 
or thermal e.m.f. under pressure were observed here also. 

The methods of computation were essentially the same as those 
which have been described in great detail in the previous paper. Any 
slight modifications were entirely obvious, and it is not necessary to 
describe them further. 

A description in detail of the results obtained for the separate 
substances now follows. 


Detailed Data for Individual Substances. 

Lithium. Two distinct series of measurements wore made on this 
substance, at two different times. The first scries was on the pressure 
coefficient of the solid, in the spring of 1919 . It was found that the 
pressure coefficient is positive, and large. This result was so sur¬ 
prising in view of the high compressibility of the metal, and its close 
relation to sodium and potassium, both of which have a very high 
negative coefficient, that a correlation of this positive coefficient with 
other properties of lithium was desirable. For instance, does lithium, 
expand in freezing, like bismuth, and if so, is this connected in any way 
with the positive coefficient? But on looking up the data I could not 
find that the melting data for lithium had ever been determined. It 
was not even known whether lithium expands or contracts on melting. 
The second series of measurements, in the winter of 1919 20, was 
concerned with the effort to obtain some of the missing data. In 
particular, it was desirable to find the volume relations on melting, 
and to find whether the pressure coefficient of the liquid is positive as 
well as that of the solid. I had already found that the positive coeffi¬ 
cient of solid bismuth changes to negative on melting. 

The first series of measurements, on the resistance of the solid, was 
made ori. lithium from Merck, prepared a number of years ago, but 
kept tinder oil in scaled glass since then. A chemical analysis by 
Mr. N. S. Drake showed 0 . 7 % Al, and a trace of Fe. Sodium, if any, 
could not be determined because only one gram of the lithium was 
available for analysis. The method of preparation by electrolysis 
should not allow much impurity of sodium if ordinary care is exercised. 

The lithium was extruded cold through a steel die into wire 0.030 
inches in diameter, and wound bare onto a bone core. Connections 
were made at the ends with spring clips. So far as I am aware, no 
previous measurements have been made on the properties of bare 
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lithium wire, but because of danger of oxidation, the lithium has been 
usually enclosed in a glass envelope. Measurements in glass, such as 
that of temperature coefficient of resistance for example, are not 
entirely free from objection, because of the constraining action of the 
glass walls. The error introduced by effects of this sort is presumably 
not large, but it is nevertheless gratifying to be able to avoid it. 

A somewhat special technique is necessary to handle the bare wire 
successfully. It must, of course, be protected at all times from direct 
contact with the air. This was accomplished at first by extruding it 
directly into melted white vaseline, and winding it directly from the 
pot of vaseline onto the bone core, which was mounted for slow rota¬ 
tion by hand. The wire, in passing from the pot of vaseline to the 
bone core, becomes covered with a capillary film ol vaseline, which 
rapidly solidifies in the air, forming a perfectly protecting coating. 
Later, however, the vaseline was replaced with a mixture of iC Nujol,” 
which is a carefully refined heavy hydrocarbon, prepared by the 
Standard Oil Ccf. and sold as a remedy for constipation, and refined 
paraffine, melted together in such proportions as to have about the 
consistency of vaseline. This mixture was suggested to me by Dr. 
Conant of the Chemistry Department,. This change was made 
necessary by the chemical action of the vaseline. The vaseline of 
commerce is not a substance of standardized properties; the first can 
of vaseline which I tried wns without appreciable chemical action, but 
the second was unpleasantly corrosive in its action. The mixture of 
Nujol and paraffine w r asmuch more satisfactory, the lithium remaining 
bright for days. 

The liquid transmitting pressure must also he chosen with (‘art? in 
order to avoid chemical action. At first I used commercial kerosene 
which had been standing in contact with sodium for several weeks. 
This was not satisfactory, however, the kerosene gradually turning 
yellow at room temperature in contact with the sodium, and at higher 
temperatures the reaction is much accelerated. The transmitting 
medium finally used was a mixture of Nujol and u petroleum ether’' 
in different proportions, depending on the temperature of the work. 
At 0° nearly pure petroleum ether must he used in order to avoid 
freezing under pressure. Another source of chemical action, besides 
the transmitting medium, is the bone core on which the wire is wound. 
It is necessary to drive the water as completely as possible out of the 
core by prolonged heating to 130 ° or so, but under these conditions the 
bone becomes very brittle and must be handled with extreme care. 
Even after every precaution had been taken, some chemical action still 
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remained. The action tends to cease at the higher pressures. Error 
from chemical action was eliminated as far as possible by taking the 
means of readings with increasing and decreasing pressure, and at the 
higher temperatures by never releasing the pressure to atmospheric, 
but obtaining the zero reading from an extrapolation of the readings 
.at higher pressures, where the chemical action is slower. The tech¬ 
nique in handling sodium was the same as that used for lithium. It 
is a curious fact that although the chemical action of the mixture of 
Nujol and paraffine at atmospheric pressure is considerably less on 
the lithium than on the sodium, at higher pressures the reduction of 
the action is considerably greater in the case of sodium, so that the 
zero shift after a run at higher pressures and temperatures was greater 
in the case of lithium than sodium. 

Runs were made on the effect, of pressure on the resistance of the 
bare wire at 0 °, 25 °, 50 ° (partial run), 75 °, and 90 °. The difference 
between readings with increasing and decreasing pressure decreased 
uniformly from zero to the maximum pressure, instead of being al¬ 
most entirely confined to the zero reading, as was the case with sodium. 
The zero shifts were 7 % of the total effect at 0°, 5 . 5 % at 25 °, 7.<X% at 
75 ° and 1 S% at 96 °. The run at 50 ° was not completed because of 
accident. In spite of the large zero shifts, the mean of the readings 
with increasing and decreasing pressure ran smoothly, and should be 
only little affected by the chemical action. 

The temperature coefficient of resist a,nee at atmospheric pressure 
was obtained from a coil of bare wire similar to that of the pressure 
measurements. In order to avoid as much as possible the effect of 
chemical action, four thermostats were kept running simultaneously 
at 0 °, 25 °, 50 °, and 75 °. The coil was immersed in a well of Nujol 
which had previously come to the temperature of the hath. After a 
reading at one temperature the coil was transferred in a few seconds 
to the bath at the next, temperature, and readings made after a fixed 
constant interval. Seventeen minutes proved to be sufficient for 
acquiring complete thermal equilibrium. Readings were made 
successively from 0° to the maximum and back to 0° again. The 
mean of the ascending and descending readings should be free from 
error from chemical action. The zero shift after the run was 2.8% of 
the total effect, against 5 .- 1 % for sodium. The average coefficient 
between 0° and 100° was 0 . 00458 . Bernini 2 found for lithium in 
glass the mean value 0.00457 between 0 ° and 177 . 8 °. lie found the 
relation between temperature and resistance to bo linear. I found 
the resistance to increase more rapidly at the higher temperatures; 
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this would moan an average coefficient hot worn 0 and 177.N 0 
larger than (MKM5K. 

The independent pressure runs at different temperatures did not 
fit as smoothly togother as they frequently do, hut the prossuro effect 
varied irregularly from one temperature to another. Within the 
limits of error a dependonee of pressure coefficient on temperature 
could not. ho established, and in the finally smoothed results the pres¬ 
sure coefficient is assumed independent of temperature. "Phis de¬ 
manded a maximum readjustment of the obsened readings of 2.0% 
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Average coeffieient 0 to 12000 kg. 0,0„772. 

This coefficient is independent of temperature. 

The values of the resistance of the solid at 25 ° intervals of tempera¬ 
ture and 1000 kg. intervals of pressure are shown in Table I. The 
pressure coefficient is seen to be positive, as already noted. Further¬ 
more, the pressure coefficients, both instantaneous and absolute, 
increase with increasing pressure. This wo would not expect, but it 
seems to be the normal type of behavior for substances with positive 
coefficient. 

The second series of measurements was made with another sample 
of lithium, much larger in amount, which I obtained through the kind- 
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ness of Dr. A. W. Hull of the Research laboratory of the General 
Electric Co. The purity was not known. It was prepared by 
electrolysis of the fused chloride with graphite electrodes; the chloride 
was pure, so that any impurities were introduced in the electrolysis. 
There were inclusions in it of some slag-like substance which had to be 
cut out as well as possible. This specimen was used for a determina¬ 
tion of the melting curve. The method was that of the discontinuity 
of volume, which I have previously used in determining melting or 
transition curves, and has been fully described elsewhere. 3 The 
volume of the specimen was about 5 c.c. It was placed in an iron 
container, and pressure transmitted to it with Nujol. It was evi¬ 
dently somewhat impure, for the corners of the melting curve were 

TABLE II. 

Meltixu Curve of Lithium. 


Un'SHim' 

TomiM'raliiro 

kfx/cm- 

0 

ITS.4° 

1000 

1S2.1 

2000 

1 Nf>. 5 

oooo 

1XS.N 

■1000 

101 .s 

5000 

101.0 

0000 

107.1 

7000 

100.4 

sooo 

201 .0 


considerably rounded, melting being dcteotible at least 1000 kg. be¬ 
fore the end of melting. This corresponds to a spreading of melting 
at constant pressure over a temperature range of 2 . 5 °. What the 
depression of the freezing point is at the conclusion of melting, that is, 
how much the observed curve should be raised in order to correct for 
the impurity, it is not possible to state from the data. Points on the 
freezing curve were obtained at three temperatures. A curve was 
drawn through these points and the data from the smooth curve are 
given in Table II. The curve and the observed points are also shown 
in Figure 2. The points lie on the curve as drawn, but it is seen that 
there may be some uncertainty about the extrapolation to atmospheric 
pressure. The value of the melting temperature at atmospheric 
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pressure given in the Table was extrapolated from the three observed 

t tf'7 . 

points on the assumption that , is constant. 

r//r 

The most important result of these melting observations is that the 
melting curve is normal, pressure ami temperature rising together. 
This means that the solid contracts on freezing, as is normal. The 
positive pressure coefficient of resistance of the solid therefore need 
not be due to the peculiar mechanism that it is in the case of bismuth. 

The changes of volume on melting are very small, and because of 
the rounding of the corners, very hard to determine accurately. The 
error was too great to establish any regular \ ariation of the change 
along the melting curve. The best mean value for the fractional 
increase of volume on melting is 0.00b. 



The effect of pressure on the resistance of the liquid was measured 
on the same sample as that of the melting curve, the sample from 
Merck having been used up by the chemical analysis. ( onsiderable 
difficulty was met in devising a suitable method. It is well known 
that melted lithium attacks glass, and this 1 verified by my own 
experience. Previous experimenters have been able to measure the 
resistance of the liquid in a glass capillary by protecting the interior 
surface of the capillary with a film of oil. This introduced error 
because of the space occupied by the film of oil, and is not adapted to 
use under pressure, the oil film being penetrated after a few compres¬ 
sions. The method finally adopted was to surround the lithium with 
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a capillary of an alloy of high specific resistance, which is not attacked 
by the lithium. For this purpose I used the allow known under the 
trade name of “ $ 193 Alloy,” manufactured by the Driver Harris 
Co. The specific resistance is about 50 times that of copper. I suc¬ 
ceeded in drawing this into a fine capillary 0.045 inches outside diame¬ 
ter, and 0.032 inside diameter. An attempt to treat Nichrome simi¬ 
larly did not meet with such ready success, it being much harder to 
draw. The capillary was plugged at one end with a pin of iron, and 
at the other end an iron cup was silver soldered, no silver solder 
coming in contact with the lithium. Four copper leads were soldered 
to the outside of the capillary, two at each end, for use as current and 
potential leads, and the resistance was measured in the regular way by 
the potentiometer method. The capillary was filled by melting the 
lithium into it in vacuum. The resistance of the capillary was from 
five to ten times the resistance of the lithium which filled it, varying 
with the pressure and temperature. Preliminary measurements were 
made on the resistance of the capillary when empty, and on its temper¬ 
ature and pressure coefficients. These values for the capillary are 
given for themselves under the heading $ 193 Alloy. The tempera¬ 
ture and pressure coefficients are both small compared with those of 
lithium. 

The capillary and the lithium inside it constitute two resistances in 
parallel. The various resistances are connected by the relation 

1 = 1 . 1 
ft > ft + Rl 

where Rl is the resistance of the lithium filling the capillary, ft is 
the resistance of the capillary alone, and ft is the observed resistance 
of the capillary and lithium in parallel. By differentiating this ex¬ 
pression with respect to the pressure we obtain 

JL dS L = Rl ( 1 <*« o \ _ Rl ( 1 dR\ 

R h dp ft, Uo dp) ft \R C dp)' 

From the pressure coefficient as observed, and the pressure coefficient 
of the capillary separately determined, it is therefore possible to 
obtain the pressure coefficient of the lithium alone which fills the 
capillary. The term involving the pressure coefficient of the capillary 
is seen to be small, so that this coefficient need not be known with 
great accuracy, and the ratio of the resistance of the lithium to the 
observed resistance may be found with any accuracy desired, so that 
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the results should not have appreciably any larger error than the 
observed resistances themselves. 

It is obvious that the temperature coefficient of resistance may be 
found in a way precisely similar to the pressure coenicient. 

Readings were made on the resistance of the liquid as a function 
of pressure at 202 . 5 ° and 227 . 4 °. The pressure range of the lower 
temperature run was S000 kg., since the melting curve restricts the 
domain of existence of the liquid, but at the higher temperature the 
pressure range was the entire 12000 kg. In on ha* to avoid chemical 
action as far as possible, pressure was not released entirely to zero, 
but the minimum was about 1000 kg., and the results were extrapolated 
to zero. Measurements were also made on the solid at 171 . 0 ° to 8000 
kg. (pressure was not raised higher for fear of distorting the capillary), 
and on the resistance of the solid as a, function of temperature at 
atmospheric pressure down to 0°. 

The most important result is that the pressure coefficient, of the 
liquid is positive like that of the solid, reversing the behavior of bis-: 
muth. At the two temperatures the relation between pressure and 
resistance was linear within the limits of error of the measurements. 
At the lower temperature the maximum departure of any observed 
point from a straight lino was 2% of the total (‘fleet, and at the higher 
temperature it was 1.8%. The coefficient, is + 0 . 0 fl ( .) 27 , independent 
of temperature to the last figure. The coefficient, of the liquid is seen 
to be slightly larger than that of the solid. The correction for the 
capillary brought the observed value from (Mb ,700 to 0 . 0 d) 27 . 

The temperature coefficient of the liquid, corrected for the capillary, 
was such as to give between 202 ° and 227 ° an increase of 0.00145 of 
the resistance at 202 ° for every degree rise of temperature. This is 
less than the reciprocal of the absolute temperature, giving, when 
multiplied by the absolute temperature, 0 . 0 X 0 . The coefficient of the 
solid was found to be markedly higher than the reciprocal of the 
absolute temperature. This is again an example of the fact that the 
temperature coefficient of the liquid is in general less than that, of the 
solid. Bernini 2 found for the liquid between 1X0° and 200° a coeffi¬ 
cient equal to 0.00077 of the resistance at 200°, considerably lower 
than the value above. 

No correction has been applied to the above values for the com¬ 
pressibility or thermal expansion of the capillary, since these are 
not known. We have seen that the temperature correction is in 
general slight. If the compressibility of the alloy is the same as that 
of pure iron, which is a not unplausible assumption, the coefficient of 
the specific resistance will be about 2% less than the value above. 
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The pressure coefficient of the solid lithium was measured in the 
capillary at 171°. The most important result of this measurement was 
the verification of the positive coefficient. The numerical value of 
the coefficient cannot be accepted, however, because of the restraining 
effect of the capillary. A similar effect had already been met in the 
case of Gallium. The results for the resistance of the solid were very 
irregular, there being deviations of 10% from the mean curve. The 
value found for the coefficient was + 0.0 4 159, nearly twice the value 
found at low temperatures for the bare wire. It is quite possible that 
part of this large difference is real, since we in general expect the 
coefficient to become larger at the higher temperatures. It was not 
possible to definitely state any variation of the coefficient within the 
range 0° to 100° for the bare wire, since chemical action cut down the 
accuracy of the measurements. It is also possible that some of the 
difference may be due to difference of the material, this latter speci¬ 
men not being so pure. The pressure coefficient of the solid in the 
capillary was also measured at 94°, but the irregularities of the data 
were much greater than at 171°. One would expect the effect of con¬ 
straint to become greater farther from the melting point. The best 
value of the coefficient at 94° was 25% higher than at 171°, but the 
accuracy was so low that it is not at all certain that there was any real 
difference. 

The temperature coefficient of the solid in the capillary was also 
measured between 0° and 171°. Here again we should not expect the 
results to be very accurate because of the effects of constraint. The 
mean coefficient over this range was 0.0039. This is considerably less 
than for the unconstrained wire; part of the difference may be due to 
greater impurity. 

The change in the resistance on melting at atmospheric pressure 
could be computed from the measurements on solid and liquid separ¬ 
ately. The specific resistance of the liquid is thus found to be 1.68 
times that of the solid at the melting point at atmospheric pressure. 
The only other published value is by Bernini, 2 who found 2.51. 
Bernini's value of the melting point was 177.84°, somewhat lower than 
the value given above, so that it is not probable that the difference is 
to be ascribed to greater purity of his sample. I also made an attempt 
to find the variation of the ratio of specific resistance of solid and liquid 
along the melting curve, but this cannot be very accurate, because of 
the constraining effect of the capillary. Using the value found for the 
pressure and temperature coefficients of the solid in the capillary, and 
assuming that the temperature coefficient is not affected by pressure 
(which has been proved to be true by direct measurement in most 
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cases'), the resistance uf the solid was extrapolated to the melting 
curveat 202.o' and S-L‘10 kg., and at this point the ratio of resistance of 
liquid to solid found to ho 1.10. The a country is not high, and 
prohahlv the only conclusion just if uni is that the change of the ratio 
along the melting curve is not large. 

Sodium. The material was from (lie same sample as that previ¬ 
ously used in determinations of the change of melting point under 
pressure. 4 No chemical analysis lias hern made, hut the sharpness of 
the melting is evidence of the high purity. Two series of measure¬ 
ments of the resistance were made. The first, in the spring of 1919, 
was on the resistance of the solid helow the melting point at atmo¬ 
spheric pressure. The second series, in the fall and winter of 1919-20, 
was on the resistance* of both solid and liquid at temperatures above 
97.6°. 

For the measurements of the resistance of the solid below 97.6° the 
sodium was extruded into wire through a stead die*, and the wire 
wound bare on a hone core. As in tlu* ease* of Lithium, I am not aware 
that measurements have be*e*n made previously on the* resistance of the 
bare wire, but the material has beam enclosed in a glass envelope. 
The details of manipulation we*rt* essentially the* same* as for lithium, 
except that sodium is much softer, and consequently harde*r to handle. 
Two sizes of wire were used, at first 0.015 inches in diameter, and 
later 0.030. The larger size is considerably easier to handle*, and the 
resistance is high enough to give* tlu* requisite accuracy. The initial 
resistance was of the order of 0.5 ohms for the* small wire*, anel 0.2 ohms 
for the larger wire. ('onneetions were made to the* soelium wire with 
spring clips, as with lithium. The* springs were helical springs of 
piano wire, 0.009 inches diameter, wound on a mandrel 0.00 inches 
diameter. The springs were pulled out so as to separate the spires, 
and the sodium wire dropped in between the spires. The wire was 
protected between the spires by wrapping round it a covering of gold 
or silver foil 0.001 or 0.002 inches thick; otherwise the soft wire is 
pinched off by the spring. Due to chemical action, the resistance at 
the spring contacts sometimes became so high as to make trouble. 
Contact could always be restored by passing through the contact a 
current from a small magneto. 

Experiments were made on six different samples before a complete 
°freadings was obtained. Repetitions were necessary because of 

e effect of corrosion, and. also because of accidents to the insulation 
o the three^terminal plug. In addition to complete runs at 0°, 25°, 
, and 75 , one fragmentary run was made at 0°, and three at 50°. 



ELECTRICAL RESISTANCE UNDER PRESSURE. 


77 


These fragmentary runs have been given due weight in the final 
results. 

Xo preliminary pressure seasoning of the wire was attempted. 
This is usually unnecessary for soft metals, and in this case was 
undesirable because of the effect of chemical action. The amount of 
chemical action may be estimated from the amount of the change of 
the zero after a run. At 0° the zero change was 5.6% of the total 
pressure effect; at 25° S.1%; at 50° 1.9%, and at 75 0 at 1000 kg. 
4.7%. The smaller effects at 50° and 75° are because the Nujol mix¬ 
ture was used at these temperatures to transmit pressure instead of 
kerosene. Since the readings with increasing and decreasing pressure 
were made at uniform time intervals, the mean zero should contain 
little error from corrosion. Aside from the zero displacements, the 
points at high pressures lay very regularly on smooth curves. At 0° 
the greatest departure of any point from a smooth curve was 1.0%; 
at 25° 1.3%, at 50° 0.8%, and at 75° 1.0%. 

The final results were obtained by first smoothing independently 
the results at each temperature, and then smoothing the runs at each 
temperature so as to give smooth temperature differences. The 
maximum adjustment in this temperature smoothing was at 50° and 
3000 kg., where an increase in the observed readings of 1.2% of the 
total effect was necessary. 

The temperature coefficient, at atmospheric pressure was obtained 
from a coil of bare wire similar to that of the pressure measurements. 
The details of the measurements wore exactly the same as for lithium. 
The two readings at 0° differed by 5.4% of the total temperature 
effect. The relation between temperature and resistance can be 
expressed by a second degree equation in the temperature. The 
results at even temperature intervals are included in Table III. The 
resistance of the solid at 100° (melting point 97.02°) may be extra¬ 
polated from readings between 0° and 75° and gives as the average 
temperature coefficient between 0° and 100° 0.005405. Northrup 5 
gives for the temperature coefficient of sodium in glass the value 
0.0053, obtained by a linear extrapolation of values between 20° and 
93.5°. Bernini 6 gives for the same temperature range (0° to 100°) 
0.00428. As already remarked, there seem to be no previous values 
on the unconstrained metal. 

The measurements on the resistance in the domain of both liquid 
and solid above 97.0° were made with the sodium enclosed in a glass 
capillary. The details were exactly the same as for potassium. In 
point of time the measurements of potassium were made first, and the 
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description of the capillary and the method of filling it will be found 
under potassium. Seven runs were made with the sodium in glass, 
with several different capillaries. These runs were at 134.0°, on both 
solid and liquid, at 143.6° on the liquid only, at 163.1° on the liquid 
only, at 165.0° on both liquid and solid, and at 171.8°, 197.1° and 198.1° 
on the liquid only. In addition, readings were made at atmospheric 
pressure from which the change of resistance on melting and the 
temperature coefficient of resistance of the liquid could be obtained. 
These runs were of varying degrees of excellence. Those at 165° and 
197° showed zero shifts of only 0.5% and 0.3%, and were given the 
greatest weight in computing the resistance of the solid. In general 
the observed points lay very smoothly, and there was little difference 
between the results with increasing and decreasing pressure, indicating 
little direct effect due to the constraint exerted by the walls of the 
capillary. 



Temperature 

Sodium 

Figure 3. The ratio of the resistance of liquid to solid sodium as a 
function of temperature along the melting curve. 

The ratio of resistance of liquid to solid was observed at three 
temperatures; the observed points are shown in Figure 3. The ratio 
decreases somewhat with increasing pressure and temperature along 
the melting curve. In reducing the observed values to smoothness, 
it was assumed that the ratio varies linearly with temperature, and is 
given by the line shown in the figure. 

The values of resistance as a function of pressure and temperature 
from 0° to 200° and to 12000 kg. are shown in Table III. This table 
falls into two parts; the first part, including the values through 100°, 
are relative values of the “observed” resistance, being derived from 
measurements on the bare wire. Above 100° the values listed are 
relative values of the specific resistance, the observations having been 
made on the sodium in a glass capillary, and corrections applied for 
the compressibility and thermal expansion of the glass. For the 
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linear expansion the value 0.0,»S was assumed, and lor the euhie com¬ 
pressibility Amagat’s figure 2.2 X 10 f \ with his temperature coeffi¬ 
cient of compressibility of 10% for 100 n . In order to reduce the part 
of the table below 100° to relative specific resistances or that above 
100° to relative u observed” resistances, it would have boon necessary 
to have known the compressibility of sodium over this range of pres¬ 
sures and temperatures, and this has not yet been determined experi¬ 
mentally. From the differences of the pressure coefficients in the 
two parts of the table, however, it is possible to get some idea of the 
magnitude of the compressibility, dims it will bo found that the 
mean coefficient of “observed” resistance between 5000 and 12000 
kg. at 100° becomes consistent with the moan coefficient of specific 
resistance over the .same range if the compressibility is 0.00002. 
Richards found for the initial compressibility at 20 n the value 0.000015. 
The difference between these two values dot's not mean an impossibly 
large temperature effect. 

In Figure 4 the isothermals of resistance against pressure have been 
drawn for a number of temperatures. The values an' taken from the 
table and have the same discontinuity at 100" as the values of the 
table. In fact, this discontinuity is quite evident in the figure. 
The change of resistance with pressure is seen to be large, larger than 
for any other metal which I have measured except potassium. Fnder 
12000 kg. the change of resistance of the solid is of the order of 40% of 
the initial resistance. The mean coefficient of the liquid is larger, the 
decrement being about 50% for the same pressure range 4 . The initial 
coefficient of the liquid varies little with temperature, hut the initial 
coefficient of the solid increases markedly with rising temperature. 

The pressure coefficient of resistance of sodium has not been previ¬ 
ously measured, so there are no other values for comparison, hut 
other observers have measured the temperature coefficient of solid 
•and liquid and the ratio of resistance of liquid to solid at atmospheric 
pressure. The values of Northrup and Bernini for the coefficient of 
the solid have been already quoted. It is to bo noticed that the 
-values of Northrup and Bernini are for the specific resistance, since 
their materials were enclosed in a rigid container, whereas my coeffi¬ 
cient is of the “ observed ” resistance, and was obtained on the hare 
solid. The coefficient of specific resistance is greater than that of 
“ observed” resistance by the linear expansion. Taking as the linear 
expansion of sodium 0.000069, my value of the coefficient of the 
“observed” resistance would give 0.00552 for the coefficient of the 
specific resistance. This value is seen to be much higher than that 
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Figure 4. Relative resistances of sodium at constant temperature as a 
function of pressure. 


of Bernini, and appreciably higher than that of Northrup. Doubt¬ 
less the freedom from constraint of the bare wire is in large part 
responsible. As the solid sodium expands in the glass container it 
will exert a pressure on the walls, which will have the effect of decreas¬ 
ing the resistance, and making the temperature coefficient appear too 
low. 

For the temperature coefficient of the liquid, Bernini 6 found 
between 100° and 110° 0.00279 of the resistance at 100°. Northrup’s 6 
mean value between 100° and 140° is 0.00330 of the resistance at 100°. 
My mean value between 100° and 120° is 0.00325, slightly lower than 
the value of Northrup. It is not yet established whether the purer 
liquid metal usually has a higher temperature coefficient than the 
impurer or not. 
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For the ratio of the resistance of liquid to that of solid at the melting 
point Bernini found l.ddT, and Northrup 1.44. The value which I 
found above was l.4fd, in good agreement, with that, of Northrup. 
The agreement of my high pressure values with that found at atmo¬ 
spheric pressure makes it probable that in my work the formation of 
cavities did not cause any essential error at atmospheric pressure. 

It will be noticed that throughout, my values are considerably 
closer to those of Northrup than Bernini. It is probable that in spite 
of his elforts, Bernini did not succeed in eliminating the elfeet of cavi¬ 
ties, or that there was some other source' of consistent error. 

Potassium. Material from the same lot was used as that used 
previously for the measurements of the coordinates of the melting 
curve. 4 The purity was high, as shown by the sharpness of freezing. 
Resistance measurements under pressure were made on both the liquid 
and the solid. The mechanical softness of potassium, and its much 
greater chemical activity made it infeasible to use the solid in the form 
of bare wire, as had been possible with sodium and lithium. The 
metal had to be contained, therefore, in a glass capillary. This is 
to be regretted, but its much greater softness makes any error intro¬ 
duced by the restraining action of the glass much less than in the 
case of the other metals. Special examination was made of the mag¬ 
nitude of the error introduced in this way by measuring the differ¬ 
ence between the resistance under increasing and decreasing pressure 
at 28°. Very noticeable differences between the ascending and 
descending curves were found, corresponding to a maximum difference 
of mean pressure in the metal and the surrounding liquid of 100 kg. 
The maximum discrepancy occurred at the highest pressure, where 
it would be expected that the viscosity of the* metal would he the 
greatest. The pressure difference of 100 kg. was estimated from the 
differences of resistance, assuming that the stresses in the metal had 
the same effect on resistance as a hydrostatic pressure. Of course 
there actually were stresses in the metal of a shearing nature, and it 
is exceedingly unlikely that the effect of such stresses is equivalent to 
a hydrostatic pressure, so that it is probable that the glass capillary 
was called on to support a stress difference of considerably more than 
100 kg. The mean of readings with ascending and descending pres¬ 
sure were taken as the correct value. There "were, however, consider¬ 
able irregularities, doubtless due to the irregular response of the glass 
capillary to the heterogeneous strains in it. At higher temperatures 
the differences between the readings with ascending and descending 
pressure became much less than at 28°, as one would expect, but it was 
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evident that some of the irregularities remained at all temperatures. 
In view of the probably much greater magnitude of the effect at still 
lower temperatures, no readings were attempted at temperatures 
lower than 28°. 

The capillary containing the potassium was in the form of a U, with 
open cups at the two ends. Into each cup, two fine platinum wires 
were sealed for the current and potential leads, and measurements 
were made by the potentiometer method. The capillary was filled 
by melting the potassium into it in high vacuum. The filling was 
accomplished by sealing one of the cups, and connecting to the other 
cup a succession of bulbs communicating with each other through 
narrow necks. The potassium was placed in the most remote of the 
bulbs, and the apparatus was exhausted with a diffusion pump, heat¬ 
ing the bulbs and capillary to remove occluded gases. The glass was 
now sealed off from the pump, and the melted potassium run in suc¬ 
cession from one bulb to the next. In this way the scum of oxide was 
removed. Previous work had shown that further puri fication of this 
particular specimen of potassium, as by distilling, was superfluous. 
When the melted potassium reached the cup of the capillary, into 
which it could not enter because of capillary action, illuminating gas 
was admitted to the farther bulb, driving the melted potassium before 
it and thus completely filling the capillary. The seal of the other 
cup was now broken, and the capillary mounted as soon as possible in 
the pressure apparatus under Nujol, the open ends of the capillaries 
being protected from oxidation with Nujol and paraffine paste during 
mounting. 

Five runs were made, with two capillaries. The first filling gave 
measurements of the resistance of the solid alone at 28.0° and 54.2°. 
The second filling was used at higher temperatures, 95.7°, 132.2° and 
167.0°, and gave measurements on both solid and liquid. For the 
second set of runs a special apparatus had to be used by which the 
insulating plug was kept cold in a third cylinder. This was first used 
in the measurements on liquid bismuth, and will be found described 
under that metal. The same apparatus was also used in the high 
temperature measurements on lithium and sodium. In addition to 
the pressure runs, the same fillings of the capillaries were used to give 
the temperature coefficient of resistance by varying the temperature 
at atmospheric pressure. 

The resistances as measured were smoothed to uniform temperature 
and pressure intervals, choosing a temperature interval of 35° as being 
closest to the greatest number of the actual readings. In this smooth- 
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ing the irregularities introduced by the glass capillary were apparent. 
The individual readings seldom showed irregularities of much more 
than the sensitiveness of the measurements, but there were consistent 
departures between readings with increasing and decreasing pressure, 
and consequent uncertainty as to the correct result. Sometimes an 
adjustment of as much as 2 r <> in the total resistance was necessary to 
bring the runs for different, temperatures into smooth register with 
each other. Because of the extreme largeness of the coefficient, a 
change of 2% in the resistance itself usually means a much smaller 
percentage change in the decrement of resistance. Since it was the 
decrement which was measured, the actual measured quantities 
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k #/ cm 3 

25° 

cu > ■ 

ii,7 ! 

i:»t r 

105° 

0 

1.12K 

1.307 

2.387 

2.721 

3.040 

1000 

.941 

1.079 

1.911 

<■> 22° 

2.568 

2000 

.799 

. .911 

1 580 

1.812 

1U7(> 

3000 

.692 

.780 

.880 

1.507 

1.853 

4000 

.615 

.690 

.777 

l .340 

1 .. r KS(i 

5000 

.554 

.023 

,093 

1 183 

1.374 

6000 

.503 

.503 

.021 

.085 

1.195 

7000 

.458 ' 

.511 

.504 

.018 

1.050 

8000 

.420 

.401 

.508 

.551 

.928 

9000 

.387 

.425 

. 103 

.5(H) 

. 829 

10000 

.358 

.389 

,420 

.450 

.481 

11000 

.333 

.358 

.383 

.407 

. 432 

12000 

.310 

.330 

.350 

.309 

.389 


seldom had to be adjusted by as much as 2%. In making the ad¬ 
justments, the observed temperature coefficients of both solid and 
liquid at atmospheric pressure was accepted as most probably correct 
and retained with only immaterial smoothing. Also the observed 
change of resistance on passing from the liquid to the solid at various 
temperatures was accepted as essentially correct. With these as 
fixed data in the table of resistances, the other measured values for 
the decrement of resistance were adjusted to smoothness with as little 
change as possible. 

The resistances as thus smoothed are shown in Table IV. The 
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Figurk 5. Relative resistances of potassium at several constant tempera- 
tures as a. function of pressure. 

bility of the glass, assuming for the linear expansion O.O 57 , and for the 
linear compressibility 0.0 ( ;N. The corrections so introduced are much 
smaller than usual, because of the very large pressure and temperature 
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coefficients of this substance. The correction for the thermal ex¬ 
pansion of the glass is perceptible as a change of one unit in the last 
figure in only one part of the table, and the maximum correction for 
the compressibility is (UH> r ; of the corresponding resistance. It is to 
be noticed that the table contains relative specific resistances, and not 
relative “observed” resistances, as is the ease for all metals which are 
measured in wire form. It is also to be noticed that the table con¬ 
tains the resistances of both solid and liquid; the domain of the solid 
is separated from that of the liquid by a heavy line. 

The data of the table have been plotted in Figure 5. The first and 
most striking result shown by the table and the figure is the great 
magnitude of the effect; it is not equalled by any other metal, and is 
exceeded only by black phosphorus among tin* substances which I 
have measured. At 25° the resistance of the solid at 12000 kg. is only 
27.5% of its resistance at atmospheric pressure. At the higher 
temperatures, where change of phase occurs, the resistance at 12000 
may be as little as 15% of the atmospheric value. At the melting 
temperature at atmospheric pressure the coefficient of the liquid is 
greater than that oi the solid, but the coefficient of the liquids shows a 
quite marked decrease with rising temperature. 

TABLK V. 

Potassium. 

Relative Values of Specific Resistance on the Melting ('urve. 


Temper a lure 

Pressure 

Ilesislnnee | 

Centigrade 

kg/em* 

Liquid 

Solid 

02 .r>° 

0 

2.059 

1.320 

95.0° 

2200 

1,540 

0.990 

130.0° 

5430 

1.12K 

0.72X 

165.0° 

9710 

0.772 

0.49S 


In Table V are shown the resistances, also in terms of the resistance 
of the solid at 0° at atmospheric pressure as unity, at the melting 
points. . Within the limits of error, the ratio of specific resistance of 
the liquid to that of the solid at the melting point is nearly independ¬ 
ent of the pressure and temperature of melting. The experimental 
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values found were 1.664 and 1.56 at 62.5° and 0 kg., 1.493 at 95.7° and 
2260 kg., 1.550 at 132.2° and 5650 kg., and 1.550 at 167.0° and 10000 
kg. The higher of the two values at atmospheric pressure was not 
satisfactory because the capillary was not filled as well as usual, there 
being obviously minute cavities between the surface of the metal and 
the glass, and that result was accordingly discarded. The remaining 
results show that the ratio is almost exactly constant, and in comput¬ 
ing the tables the following values were used; 1.56 at 0 kg. 1.555 at 
2200 kg., 1.550 at 5430 kg., and 1.550 at 9710 kg. 

The value for the ratio of the resistance of liquid to that of solid at 
atmospheric pressure may be compared with that of other observers. 
Bernini 7 has found 1.392, and Northrup 5 1.53. It is to be seen that 
my value agrees much better with that of Northrup. This entire 
question of the ratio of the resistance of the liquid to that of the solid 
is still in a most unsatisfactory state experimentally, and results by 
different observers disagree by much more than can be accounted for 
by errors of measurement or by impurity of the materials. All values 
with which I am acquainted, both for potassium and other metals as 
well, have been obtained from measurements of the liquid in a glass 
capillary, and from measurements of the solid in the same capillary 
after freezing. The resistance of the solid is without doubt likely to 
be largely in error because of strains and because of cavities formed 
during freezing. Matthiesen, 8 in his early work, found discrepancies 
in measurements of the resistances of the solid of as much as 5% which 
he traced to this cause. What is more, after the solid has once been 
formed, and is again melted to the liquid, there may be cavities be¬ 
tween the surface of the liquid and the glass. Bernini has found large 
discrepancies in the resistance of the liquid due to this cause. Further- 
more, in most experiments, there has been a film of oil between the 
surface of the metal and the glass; irregular capillary effects in this 
film will introduce error. Much of the previous work should be 
repeated with increased precautions. Measurements on the liquid 
should be made with a capillary completely filled in vacuum, and the 
liquid should not be allowed to freeze. The specific resistance of the 
solid should be obtained from independent measurements of the bare 
metal, preferably extruded to ensure complete freedom from cavities. 
Measurements on both solid and liquid should be made over a wide 
enough temperature range to allow unquestionable extrapolation to 
the melting point. No measurements should be given much confi¬ 
dence which show premature rounding of the corners of the melting 
■curve. It can now be stated with confidence that all such premature 
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rounding is duo to impurity; in the uarly days of this kind of measure¬ 
ment there was room for honest question whether the absolutely pure 
substanee would show’ premature rounding or not. 

While it cannot he claimed that the measurements above meet all 
these requirements, it is evident that any error from cavities must be 
negligible when freezing takes place under thousands of atmospheres, 
and as far as purity goes, the potassium used above never showed any 
preliminary rounding, thus hearing out the observations on the same 
material on the melting curve. The molting of Bernini's sample was 
not abrupt, and took place at 02.04°, nearly 0.5° below that of mine. 
Northrop records the value 03.5° for the molting point of his specimen; 
this is so high that it seems that it must he duo to errors in tempera¬ 
ture measurement. 

The value which I found lor the temperature eoellieient of resistance 
at atmospheric pressure is considerably lower than that of either 
Bernini or Northrop. The first found 0.00001 between 0° and 50°, 
and the latter found 0.005X, in terms of the resistance at 0°( \ between 
20° and 50°. I found the relation to be linear, and the value of the 
coefficient, corrected for the expansion of the glass, (UH)f> 12 between 0°' 
and 50°. My value for the liquid is, on the other hand, larger than 
that of Bernini. I find for the mean eoellieient between 1)5° and 130° 
0.00403 of the resistanee at 95°, and Bernini gives between 90° and 
100° 0.00358 of the value at 95°. Northrup’s value, redueed to 
fractional parts of the resistance at 95°, is 0.00342. 

In using the Table, caution should he employed not to force it 
beyond its accuracy. In particular, too much importance should 
not be attached to the variation of the differences with temperature. 
If at any time in theoretical work it should be important to know 
exactly the variations of pressure' and temperature coefficients with 
pressure and temperature for small range's of pressure, this work 
should be repeated with apparatus capable of measuring pressures 
with greater sensitiveness, and the pressures should not be pushed so 
high as to introduce irregularities in the* glass. In this work the 
smallest pressure steps were 1090 kg., ami no readings were made 
between 0 and 1000 kg. Where the changes ar( k so large in an interval 
of 1000 kg. it is entirely possible that; some essential detail of behavior 
may have been overlooked, or smoothed out in (‘oustmeting the Table. 

Magnesium. In the previous paper on the resistance of metals 
under pressure it was possible to give only very rough values for the 
pressure coefficient of magnesium. Difficulty was previously found 
in making good connections because of the impossibility of soldering; 
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magnesium and because of the very high resistance of the film of oxide 
on the surface. With a potentiometer method of measuring resistance, 
however, this was no longer a difficulty, and accordingly the attempt 
was made to get more accurate values. 

Measurements were made with two samples of magnesium. The 
first was from the same piece as that on which measurements of resist¬ 
ance and thermal e.m.f. have been already published, and was a 
contiguous length from the same spool as the e.m.f. sample. Tt was 
originally obtained from Eimer and Amend, of commercial quality. 
The method of manufacture of magnesium, however, is such that 
impurities are not likely to get into it, and it is a matter of experience 
that commercial magnesium is of higher absolute purity than most 
commercial metals. The second sample I owe to the kindness of 
Dr. MacKay of the Research Laboratory of the General Electric Co. 
It had been especially purified by him by distillation in vacuum. This 
was extruded hot to wire of about 0.020 inches diameter, the same in 
dimensions as the other specimen. Both specimens were mounted 
in the same way for the measurements, by winding bare on a bone core. 
Contact was made with spring clips. The resistance at the contacts 
was so high that error might be introduced because of fluctuations of 
the potentiometer current, unless the precaution wore taken to 
brighten the wire with sandpaper immediately under the clips just 
before assembling the apparatus. With this precaution no trouble 
was experienced from contact resistance. 

The measurements on the first sample of magnesium were made just 
after the apparatus had been constructed, and before all points in the 
best handling of it had been settled, so that there wore a number of 
incomplete runs. In all, there were ton runs on this sample, five of 
them complete. The incomplete runs were given due weight in the 
final results. The maximum deviation of the individual readings 
from regularity was of the order of 1%. It will not pay to reproduce 
the results in detail, because this sample was presumably less pure 
than the second, and the results are somewhat different. 

Three runs were made on the second and purer sample, at 0°, 51° and 
95°, after three preliminary applications of 3000 kg. at room tempera¬ 
ture to season. The results were smoothed and a Table constructed 
in the regular way. The readings ran regularly. At 0° the zero dis¬ 
placement after the run was 1.0% of the total effect, at 51° it was 1.2%, 
and at 95° 0.85%. These displacements are also essentially the same 
as the maximum departures from a smooth curve of any of the other 
observed points. The results are exhibited in Table VI and Figure 0 
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TABLK VI. 
M \< i \ HSI t ‘ M. 


Temp 

a (\ 

Resist anee 

Pressure t 'oeHieieut 

\\ entire 

\t o kg. At PJnoo kg. n ti'oon 

Maximum 

1 Vviutiou 
from 
Linearity 

Pressure 

of 

Maximum 

Deviation 

0° 

1.0000 

-0.11,177 

0.0,.111 

■0.0,10X0 

.0022S 

0100 

10 

1.107.1 

•102 

:us 

•1001 

100 

1000 

100 

1.0000 

■it:? 

:ui 

MIN 

2s:i 

5000 



Magnesium 

Figure 0. Results for the measured resistance of magnesium. The 
deviations from linearity are given as fractions of the resistance at 0 kg. and 
0°C. The pressure coefficient is the average eoeOieient between 0 and 12000 
kg. 

in the same way as the results of the previous paper. The average 
pressure coefficient decreased with rising temperature, which is 
unusual. The relation between resistance and pressure departs from 
linearity in the usual direction, but it is unusual that the relation is 
more nearly linear at 50° than at either 0° or 100°. The pressure of 
maximum departure from linearity moves progressively towards 
lower values at higher temperatures. 

It is interesting to compare these values with those found for the 
first and presumably less pure sample. The temperature coefficient 
of the first sample was 0.00412, against 0.00390 for the second, and 
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the relation between temperature and resistance was linear between 0° 
and 100°. Here we have the unusual ease of the presumably purer 
substance with a smaller temperature coefficient. Recent observa¬ 
tions of Holborn 9 make it likely, however, that the behavior of 
aluminum is similar, and it is not surprising if the behavior of magne¬ 
sium and aluminum should be the same. The average pressure 
coefficients of the first sample between 0 and 12000 kg. were —0XVM0, 
441, and 430 at 0°, 50°, and 100° respectively. This is seen to be 
about 10% higher than that of the second sample. The two samples 
agree, however, in having a coefficient which decreases with rising 
temperature. The maximum departures from linearity of the im- 
purer sample were also nearly the same as for the purer, the maxi¬ 
mum deviations being 0.0023, 0.0020, and 0.0029 at the three tem¬ 
peratures respectively. The deviations from linearity of the first 
sample were symmetrical with respect to pressure, in each ease the 
relation between pressure and resistance being representable by a 
second degree equation, and the pressure of maximum deviation 
being at 0000 kg. The first sample differs from the second in not 
showing a closer approach to linearity at 50° than at the other two 
temperatures. 

These new and more accurate results differ considerably from the 
rough value given for the first sample; it was stated in the previous 
paper that the average coefficient; for the first sample was probably 
- O.Of-,55. 

Calcium. This material was obtained from the Research Labora¬ 
tory of the General Electric Co. through the kindness of Dr. Langmuir* 
An analysis by Mr. N. S. Drake by the method of differences showed 
not more than 0.1% total impurity, the error of the measurements 
being 0.1%. Qualitative analysis showed no detectible impurity 
except a trace of iron, too small to determine quantitatively. 

The calcium was furnished in the form of a solid ingot about 1 inch 
in diameter. Pieces of the appropriate size were cut from it with a 
hack saw, and were formed into wire 0.013 inches in diameter by 
extrusion through a steel die. An extrusion pressure of the order of 
10000 kg per cm 2 was required. A phenomenon shown to a more or 
less pronounced degree by all metals during extrusion was particularly 
prominent with calcium. If the extrusion pressure is pushed too high, 
or sometimes for no apparent reason, the wire will suddenly break and 
the metal spit out of the extrusion block in long gulps or small pieces. 
This spitting forth reaches explosive violence in the case of calcium, 
.and the fine dust into which the issuing wire breaks takes fire spon- 



92 


HHIlHiMAN. 


taneously. The explusne sound, the Hash of fire and the pungent 
smoke art 1 likely to he rather terrifying; on first experience. For 
nearly all metals the eflVet ran hr greatly rrdured by a proper design 
of the di( l ; the best shape of the dir \ aries from metal to metal. 

In spite of the satisfaetorincss of tlit* chemical analysis of this 
samples it must he recognizee 1 that there may perhaps have hern in this 
specimen minute impurities which possibly may have exerted an 
appreciable (‘fleet on the electrical properties. It has been the experi¬ 
ence of the General HI ret nr (\>. that different samples of calcium, 
with no perceptible chemical difference, offer \er\ di(IVresit resistances 
to extrusion. The effect may not hr chemical, and its explanation is 
entirely obscure. There is no way of know ing whether the specimens 
diflieult of extrusion are more or less likely to hr impure, and no con¬ 
nection seems to have been looked for between extrusion and electrical 
characteristics. The specimen used by me was diHicult of extrusion; 
we cannot now’ make any use of this fact, but if in the future the cause 
of the variations should be found, it is well to have the characteristics 
of this specimen recorded. 

Temperature had to be raised to *I0(G or higher for successful ex¬ 
trusion. Although extrusion would take place at lower temperatures, 
the wire so formed was brittle, and eould be handled only with diffi¬ 
culty. In any event, the best wire that eould be formed had to be 
handled with care. It broke if bent more than once at a sharp angle, 
and was entirely different in its properties from sodium. Extrusion 
took place directly into the air, but as the win 4 exuded from the die, 
it was wound immediately onto a spool covered with a protecting 
paste of Nujol and paraffine. Ghemical action by the air is much 
slower than in the case of sodium and lithium, but is no less complete, 
the wire eventually crumbling away into dust after standing several 
weeks. Even the Nujol and parafline dot's not, act as a complete pro¬ 
tection, but there is either direct action or else slow diffusion of the 
air through the protective coating. In order to avoid error from this 
effect, the wire must be mounted in the pressure apparatus and 
measurements made as soon after extrusion as possible, while it is still 
* bright. Unless this procedure is followed effects from the high re¬ 
sistance of the surface film are much more troublesome than for any 
other metal I have tried, not excepting magnesium. With fresh wire, 
however, such effects become vanishingly small with proper manipula¬ 
tion. The contact resistance may always jump spasmodically under 
increases of pressure, but with fresh wire the contact can always be 
sufficiently restored by the momentary passage of a current from a 
small magneto. 
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The wire was wound as usual bare on a. bone cone and connections 
made with spring clips, using a protective coating of gold foil at, the 
point of contact. 

Rims were made on two samples and at live tempera!tires, 0°, 25°, 
50°, 75° and 90°. The runs on the first sample 1 were (erminated by the 
failure of the insulation of the three-terminal pin*;*. The transmitting 
medium was Nujol and petroleum ether. (Temieal action was never 
entirely absent, but as in the case of sodium, it. was mostly confined 
to low pressures. It increases rapidly with rising temperature, and 
at 9t)° was so rapid that 1500 kg. was tin 1 lowest pressure at which 
readings wore attempted. ITnlike sodium and lithium, caleium shows 
pronounced seasoning (‘fleets of pressure, and the runs at 25“ and 75°, 
which were those of the initial application of pressure to the two 
samples respectively, wore much loss regular than the subsequent 
runs. Because of the necessity of obtaining readings rapidly because 
of chemical action, preliminary seasoning applications of pressure were 
omitted, and the initial runs were included in the final results. At 25° 
the total zero shift (initial application) was -1.2' r of the total pressure 
effect; at 0° 0.5%; at 50° 5.9%; at 75' 1 (initial application) 0.9%,; 
and at 90° (zero taken from 1500 kg.) 5.5%,. At. 25“ and 75" the indi¬ 
vidual points lie very closely on two smooth curves, different for in¬ 
creasing and decreasing pressure. The incomplete seasoning shows 
itself in a sequence of readings like that, of an open hysteresis loop. 
The open end of this loop at. atmospheric pressure has the width given 
above by the zero displacements. At. the other temperatures the 
readings also show a, tendency to hysteresis effects, but. the departure 
from the mean is much less. At 0° the maximum departure of any 
single point from the smooth curve representing the mean of the 
points with increasing and decreasing pressure is 1.2% of the total 
effect; at. 50°, 1.5%; and at. 90", 1.5%. 

The temperature coefficient, of resistance at atmospheric pressure 
was determined by the same method and at. the same time as the 
readings for sodium and lithium. The “observed” resistanees, which 
are the mean of points with ascending and descending temperaturc, 
at four temperatures (0°, 25°, 50°, aud 75°) all lie within the limits of 
error (one part in 7000) on a second degree curve. The total shift, of 
the zero during the run, presumably due to chemical action, was 1.0%; 
of the total temperature (‘licet.. The value- given in the table for the 
resistance at 100 was obtained lrom t,he second degree curve by 
extrapolation. The mean coefficient between 0° and 100° determined 
in this way is 0.005527. 
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The temperature euelhrient nf re+lanee of < 'aleium at atmospheric 
pressure has been prev iomdv mra urni b\ Northnip, 11 who found 
bet\\ rrii U and 100 tho value 0.002 lf», and hv Swisher, 10 who found 
the rotation hot worn totuporai tiro and reristanre to ho linoar between 
0° and 000and tin 1 oootlioiont to ho 0,00301 of tho valno at 0°. An 
examination of Swriber s re-nlts show s that thoro wore eonsiderable 
irregularities, and that within his limits of error it is not possible to 
say whether his eoellieient between 0 and 100 is greater or less than 
my value above. The low value of Northnip is probably due to 
impurity in Ins sample. 

In smoothing the experimental results for the most probable tinal 
values, the usual proeedure was followed. The results at each temper¬ 
ature were first smoothed independentIv, and then readjusted so as to 
give smooth temperature differeuees. The elleet of insullieient 
seasoning in the runs at 2d ‘ and 7«d was shown by the greater read¬ 
justments neeessarv at these temperatures. The maximum read¬ 
justment neeessary was 0,0* ( at 0 , 1.0* < at 2o' , 1. IT at *>9 *, l.S f, c1 at 
75°, andO. IT* at 


TAHITI VH. 

( ' VU'H V, 


Prmmre 1 

kg/em 2 

0° 


tma luat'o 
:»n M 

7iY* 

100° 

« 

1.1)000 

1.074S 

1 . 1552 

1 .2102 

1.3327 

1000 

1.M07 

l.OS.7.1 

l Ui6S 

1 .2522 

1.3451 

2000 

1.0217 

1.0074 

1 . 17SO 

1 .2651 

1.3580 

2000 

t.0880 

1.1092 

1 4012 

1.2780 

1.3725 

4000 

1.0447 

14213 

l.2030 

i 

1.3865 

50(H) 

1.0560 

14340 

1.2171 

l 

1.4008 

6000 

1.0606 

14 473 

l .2300 

1.3103 

1.4157 

7000 ' 

1.0827 

14600 

1.2151 

1.3341 

1.4311 

8000 

1.0063 

14751 

1.2500 

1.3405 

1.4470 

9000 

1.1103 

1.1800 

1.2740 

1.3650 

1.4631 

10000 

1.1247 

1.2045 

1.2003 

1.3810 

1.4707 

11000 

1.1306 

1.2200 

1.3064 

1.3076 

1.4060 

12000 

1.1550 

1.2360 

1.3220 

1.4147 

1.5146 

Average 

Coefficient 

+0.0,1292 

+0.04242 

+0.04210 

+0.0.41 / 2 

+0.04137 

0-12000 kg. 
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The final results for resistance as a, function of pressure and tempera¬ 
ture are given in Table VII. The striking and unexpected result, as 
in the case of lithium, is the positive' coelHeient. The coe[]icient is 
o-reatest at the lowest temperature', having (lie* average value 1 0.0 1 1292 
at 0°. Both the instantane'ous anel the' average cocllieieut increase' 
with rising ])re'ssure'. In both the'se' particulars the' be'haview is much 
like that of bismuth. The' absolute value' e>f the' coellieient is of the' 
order of half that of bismuth. 

Bismuth is abnormal in so many either respects than its pre\ssure‘ 
coefficient, that it semine'd of inteavst to find whe'the'r calcium has the' 
same sort of abnormalitie's. The large' increase of resistance uf bis¬ 
muth in a magiu'tic fie'hl is e)iH' of the' we'll known abnormal elVccls. I 
trieel the elfect of a. fie'Ie 1 of approxiniate'ly 27000 (iauss on t he resistance 
of a coil of calcium, the' wires; e>f the' coil be'ing e*\‘e‘rywhere' at right 
angles to the' fie'ld, and found a ele'cre'ast' of re'sistane*<' of only 1 1000. 
It is e'vielent, thcre'fore', that any paralle'lism between the' conduction 
mechanisms of eale'ium and bismuth canned be' very e'omple'tc. A 
more exhaustive invesstigation e>f the' various prope'rtie's e>f "alrium 
than has ye v t be'e'ii made' se'eans we'll we»rth while'. 

In a previous pape'r it, has hern shown that the' abnormal positive' 
pressure coefficients of re‘sistan<‘e v of bismuth and antimemy are' a*so~ 
ciateel with value's of the' the'rmal e'xpansion abnormal as compared 
with the either prope'rtie's. "Fhe' same' comparison for calcium appeared 
of intere'st, but t,he v the'rmal e'xpansion of calcium has appamitly n<>t 
been previously nmasure'd, anel I accordingly made* special measure- 
ments of it. 

The thermal e'xpansiem was determined by orelinary me'thoels, 
using a glass elilatemie'te'r. The* calcium was the' same' specimen as 
that from which the* re\sist.aiie*e' sample' was (‘ut. It was turne*el ovt't 
its entire surface in the' lathe', anel finisbe'd to a cylinder about b cm. 
long anel 20 cm 3 veilume. Tim surface was smooth, without, blow¬ 
holes. In the glass elilatemic'teT the' calcium was surrounded! with 
Nujol. The eale'ium anel Nujol had been previously heated together 
in another wssed to 100° to avoid as far as possible' ehe'mieal action 
during the dilatometor readings. Discoloration of the* surface' e>f the* 
calcium by this preliminary lie'ating was very slight. Air bubble's in 
the dilatomcter were' avoided! by filling in vacunni. The Nujol is 
so viscous that without spe'cial pre'eautiem error may be' introdue'C'd 
by sticking of the Nujol to the walls e>f the' capillary. 'Phis error was 
avoided by heating the capillary be'fore' the' reaelings with a small gas 
flame, and by making readings with increasing temperature. A pre'- 
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Ilminary attempt was made to a\ oid the error by using petroleum 
•ether as the medium, which is ver\ mueh more fluid than the Nujol 
This was unsuccessful because of chemical action between the petrol¬ 
eum ether and the calcium. Headings of tin 4 expansion of the cal¬ 
cium and Nujol were nrndt 4 at 0 , 2 b , and bO At b0° a very few 
exceedingly minute bubbles appeared, probably the beginning of 
■chemical action. Accordingly the readings at bO' were discarded. 
The auxiliary data needed in the computation were obtained from the 
^dilatations when the dilatometer was entirely filled with Nujol and 
with mercury respectively. The \ olumes of the dilatometer and the 
capillary were obtained by weighing the mereun required to (ill them. 
The bore of the capillary was calibrated for uniformity by conventional 
methods. The density of tin* calcium was obtained by weighing it in 
air and under Nujol. The densities gi\ en art 4 corrected for vacuum. 

The following values were obtained for calcium: 

Density at 21“ 1 .bbf»:> 

('oeflieient of \ olume expansion, 0 q>21 0.00007b. 

Tilt* values for Nujol were obtained iucidentalh and are recorded. 

Density at 2D O.ST.Mi 

('oeflieient of volume expansion, 0 to 21 ,0.000717. 

Strontium. Particular interest attaches to thD metal because of 
the fact that it is underneath calcium in the periodic table, and calcium 
is unusual in hawnga positive eoefheient, d isc material 1 owe to Dr. 
G. K. Glascock, who very kindh placet! a! my disposal some of the 
material whose preparation tun! properties he has deseti bed. 12 The 
metal was prepared by the* electrohsis of the fused salts. It was in 
the form of fused nodules of sometimes two or throe cubit' centimeters 
volume, and had been kept since preparation under ferosene. Some 
sort of action had taken place between tin* metal anti flu* kerosene, 
under which most of the* kerosene disappeared, and tin* metal became 
coated with a fine gray powder. The action of calcium on kerosene 
I have found to he very similar. On scraping off the gray powder, 
the coherent metal is found underneath. On cut ting into the cleaned 
nodules with a cold chisel, slug-like inclusions are sometimes found. 
Lithium prepared by electrolysis shows the* same appearance. Hy 
careful selection it w f as possible to find pieces large enough free from 
these inclusions. 

The measurements were made on tin* metal in the form of wire 
approximately 0.020 inches in diameter, formed by extrusion from one 
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of the selected pieces of clear metal. The euru -i.... i cm mlm.d4, 
easier than that of calcium, ami may he muv.-UuIU ]„■,■!,,n... -I a 
temperature of 2:50°. At room temperature the metal pit ■ • n<- 

die in small pieces. The wire is fairly soft ami phahlr ami can !*■ t„ m 
to a radius of perhaps ten times the diameter of the uttv. Imt ti t • ■!"’**• 
different in mechanical properties from the alkali niria! , m-h a. 
sodium, and shows brittleness if too sharp a bead i . at templed. 

Previous measurements on the electrical properfbm <*! rrMicmm 
seem to have been published only by Mutthieseud 1 Hr extruded the 
metal to wire in much the same way as abo\e, He gb.e t,.j fit.- 
specific resistance at 20° the value 2n X Id 11 ohm* per an mil.j l 
found at 0° for my specimen the value IU17 V id b 11n p*« mien 
is presumably considerably purer tbun Mat thie en ami I hi * aim* 
would seem to be preferred. Mat thiesen did m>t attempt to m»a ni 
the temperature coefficient ol resistance, proha hi \ ber.m r *<s i* a t 
ance of the contacts. lie did not. use a potentimurter im fbnd. but 
had to correct as best he could for the re b 4an**4’ hi it a*! and * mi 
tacts. With a potentiometer method a. u ed here* then i im mb 
difficulty. There is difficulty, howe\er, in list* rhetmr.d ami*m 
accompanying changes of temperature, wbieli prodm * p* sh.unni 
changes of resistance. terror from this elTeet ua a «*i» 1« d b ib*- 
same procedure as that, used pre\ iousls for the alkali m« fa! I .m? 
thermostated baths wore kept slumltaneond\ in npet.thon, and th.- 
specimen transferred rapidly from one to another. Th» Iu?> wn* v.a 
immersed in a glass tube of Nujol for the men nr* im-iti . th»- \»m«l 
having been previously heated with sodium to reime,« nil m*u fus- 
and exhaust as far as possible all tendency to elaanieal iiHiun Tip a- 
nevertheless seems to have been some speeiiie neti»*u I»» i wirn < h* »»il 
and the strontium. About fifteen minute, were leqmtrd t«n tin* 
attainment of temperature equilibrium after tin* wuv had h* m 
transferred from one bath to the next, Keadin ' w«-re mad* with 
ascending and descending temperature between 4 and on , mMmg 
with0° and ending with 0". The imam of the a rnidmu and d» * mid 
ing readings was taki k ii as the* true ellerf, Tin* pm mam m * *e 

zero after the excursion was 12% of the maximum HlVm, Tin- m< ait 
coefficient between 0° and 100 ' found from the a* reading w a u on ; 
The effect is not quite linear with temperature, but the rhamm mu* 
more rapid at the higher tempera tuns, a* U uormak 

The value of the temperature coefficient H quite mumu! t*n |mtr 
metals, and in the absence of further information, make it probable 
that this material was of satisfaetory purit \. It i not po ible to 



the analysis from tin* i>anta* nf (- i. i 

"f Ills separate eieetr<>U.s«..s wen- «Iwuv-'’of’t iIu ‘Products 

the <hil'erem hatches wen- indiscriminate!; mk< j^l " 00(1 

supplied to me. The least pure «,f ...... „} ,, 1 l,u> "“Serial as 

htul about T ( \ impurity, and the best j s, I”T ,l,,t ‘ ,ls " f (; >aseoek 

rossure measurements were made in th,.',', 'i 
potentiometer. The wire was „s ( .,l 1,,,-e • 1 f" with t! * 

niade with spring .dips. The resistance’ of ' i. < ' 0 ‘ 1,ll ' < ' t, . onx were 
durmg tlu* runs, ami sometimes became „i i v \ ,nt j wis increased 
tlum he rt'dueed h\'passin"-a hiidi ien-'i ." soniely largo; it could 
tlirough the contacts. The wire wa -'l ' '""n r °"‘ “ magneto 
cation of :««)<) k g. at room t«-«..p.‘raiurr7l on'’ w'!"' ,W,i,Uir >' a PP U - 
change »| zero after this application Tim perceptible 

r»0.f)°, and or. At. the hi.d e . , nins won ' at 0°, 

taken as 500 kg. in order n> T>r<*vonV* Z< . T ° * H, <\ssnre was 

at atmospheric pressttre obtained hv (drapoiution'd V “l Ue 
cltcimeal activity of this materi-d .... , OIlsl( Icnng the 

regularity. At. 0° there wi • .. '.'dings showed a, gratifying 

** total effect, at S' I ' ,“ f LS % * 
maximum departure of any of m d • r ’ T' a( ' ! ' 7 >•'%• The 
w«« !•('*% at; ()“, |. 2 < 7 , a( Htf’ .... i , “’ m(s lr<mi th, ‘ s »‘«oth curve 
Ti,: . ..., i.r>%at 


!>7°. The obsmd’resistw ,or ,° ,h ‘ Im<l !*>''»(, • - r >% at 
strueted for the resistance at remd T'd Mn< ’ o( *“' ( l anil a, table cou¬ 
ture in the regular way. ' ' Ultm ' a,s P n ‘ KS » r<l and tempera- 

Ike results are shown in T'Oili* vnr i n- 
increases under pressure the sumo * T' T u,r 7 ‘ „ Tllc distance 
furthermore very lam- itisfiv*Vr T ° a nunL T,l ° increase is 
three times that of "’bismuth -tndT n that <>f <,aln ’ uin > and 

yet found. The behavior is h, * !t largest, positin' coefficient 

with a positive coefficient VVh ' ,ikt ‘ that; of other metals 

Pressure, the T "?*"** k ***«» against 

rapid at the higher pressures ITe'*’ <?hiU, K«‘ becoming more 
smaller at the higher t ,emperatures ’'-“T ,,< ‘ < ' WIn( ' s '"arkedly 

becomes smaller at the huffier 1 1 instantaneous coefficient 

bismuth. One xn^ 31,^ ^ w<w th( ‘ «•» for 
smaller iastantanei C0 S 5' tlw Tahl< ‘ wIlidl ^ a 
S** “*«** htm, 0 lu-TO & ““ V *! t T 11,6 

the instantaneous coefficient is „..i,T,n+ , - mwon ,or tlu « 18 that 
at the pressure in question wl.’.l' , atw 111 terms of the resistance 
higher pressures, whereas the aver* 1 >wa ) 1( r s rapidly greater at the 
°f the initial resistance at 0 k<r rf ° <<>< '! K ' < ' llfc calculated in terms 

fe- 1110 resistance shows a regular drift 
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TABLM VIII. 
Strontium. 


Pressure 

kjr/cm 2 


0 

1000 
2000 
2000 
4000 
5000 
0000 
7000 
S000 
1)000 
10000 
11000 
12000 

Average 
Coefficient 
0-12000 kg. 

Coefficient 
at 0 kg. 

Coefficient 
at 12000 kg. 


o° 


1.0000 
1 .0510 
1.105S 
1.1022 
1.2220 
l.2S50 
1.250X 
1 . 1100 
1.4010 
1.5070 
1.0102 
1.7200 
1.S100 


■I O.OjOSOO 


0.0)502 


0.0,402 


Itr-iisl min 1 

;>u 1 

1 . I 70S 
I.2520 
1 2000 
1.2510 
1.4100 
1 .4X12 
1 55 1 1 
1.02X0 
1.7051 
1.7X52 
1.X0X 1 
1 0550 
2 . 0(10 


| 0.0,01 10 


0.0,150 


0.0,451 


mo 1 

l :;s2x 
l. 1211 
I. loos 

1 5520 
1.021 1 
1 . 002*0 

1.N527 

1.02X1 

2.0272 

2 nos 
2.2157 

2 21 11 


| 0.0,501 1 


0.0,251 


0 . 0,122 


with increasing temperature. At 0° the third derivative* of the 
resistance as a function of pressure is positive, at f>0° it is zero, and at 
100° it is negative. 

Mercury. I have already published results for the resistance of 
liquid mercury as a function of pressure and temperature, 13 but I 
have now found it possible to considerably extend the range of the 
previous work. Previous work on the liquid was between 0° and f>0° 
and to 6500 kg., and a few very rough qualitative results were obtained 
for the solid. The results for the liquid have now been extended over 
the temperature range 0° to 100° and over the pressure range to 12000 
kg. In addition, the resistance of the solid has been accurately meas- 








Resistance 


100 


UKIIXJNUN 


ured at IV' between tin* solidifying pressure (7010) and 12000 kg., and 
the change of resistance on solidifying at 0 ’ has been also determined 
The liquid was measured with the Carey Foster bridge, by the same 
method used for most metals in the form of line wire. The mercury 
was contained in a C-shaped capillary, and connections were made to 



Figure 7. Relative resistances of strontium at. several constant, tempera¬ 
tures as a function of pressure. 


the mercury by amalgamated copper wires dipping into cups at the 
upper ends of the U. The resistance was about 10 ohms. The capil¬ 
lary was of Jena glass No. 3880a, the same grade of glass as that used 
in the previous work. This particular capillary was blown in 1907, 
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.and had been last used in 1911, when it had been exposed to the 
freezing pressure of mereury at 0°, and had sinee been resting in a 
dust proof container. The measurements on the liquid recorded here 
were made in 1917. The technique of the previous work has been 
considerably improved in the interval between 190S and 1917. The 
transmitting liquid used in 190S was a mixture of water and glycerine, 
and elaborate precautions luid to be taken to avoid short circuits. 
The liquid is now a hydrocarbon, and the insulation properties are 
perfect. The values now obtained for the change of resistance differ 
by about 1.5% from the previous ones. Part of this difference is 
perhaps to be ascribed to improvement in technique, part to change 
in the behavior of the glass, which has been resting ten years since 
blowing and annealing, and perhaps part to difference in the standard 
of pressure. My very earliest results, which reached to only 9500 kg., 
depended on a pressure gauge of smaller range and somewhat different 
construction from that used in all my subsequent work reaching to 
12000 kg. or more. All this later work depends on the same gauge, 
and assumes as the fundamental constant that the freezing pressure 
of mercury at 0° is 79*10 kg. Any discrepancy now found with the 
former values for the resistance of mereury cannot affect (be \alidity 
of any of the later work up to a range of 12000 kg. 

The glass was seasoned before the measurements by an application 
of 11300 kg. at room temperature, and then by raising temperature to 
96 while still under pressure. Five runs were made on flu* liquid, in 
addition to the seasoning runs; these were at 0 M , 20 , ‘, 50", 79'*, and 97°. 
The maximum zero displacement after a run at any of the temperatures 
was 0.40% ol the total e(leet. The ma ximum depart tire from a. smoot h 
curve of any ol the observed points at any temperattire was 0.0% of 
the total elleet,, and the points usually lay on a smooth curve within 
the sensitiveness of the readings, which was about one part in 5000 
of the maximum effect.. 

Ihe observed results were smoot hod for pressure and temperature 
and a table constructed for tho resistance at uniform internals of pres¬ 
sure and temperature in the regular way. The resistance of the liquid 
is shown in Table IX, and the coefficients are shown later in Table XX. 
Ihe resistances giveil in this table are corrected for the 1 compressi- 
bility and thermal expansion of the glass, using tho values already 
given. The correction for temperature amounts to a change of 
observed resistance of 0.0007 for the range* of 100°, which is about. 
0.74% of the measured effect, and tin* correction on the pressure (‘fleet, 
is 0.0007 ior 1000 kg., which is initially 2.2% of the* pressure change. 
The values given in the Table are, therefore, relative value's of tin; 
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Kpocifu* rtwisfann* tlnr T , , 

which would ho .shown 1,7 a l',‘! r'V n ' u| ' tin- resistance 

but with the total ucc-n demV ' " ,". 1, ‘ r( ' nr .' u| mwiriablc dimensions, 

mentioned. At AT* tho 0 \ U i lu ' uvxs mt<1 old results should be 

found to l H . oAsu T'i" T7 N ' a !' r '' u, "l ,,r (i:,()(l k «- '« now 
formula given fur the res?■< " ° 1 VJlk "' lhh>02. The previous 

when used f or <-xrratx.httioi’/T' I'aJiT?’" k "' results 

meat of resistance is now IV °i 7 i -■’> "(lie observed decre- 

fomputed by the fonmd-i or'. 111 -* 7 n «>'inst tht' value 0.2600 

mutely the same as that hetw' To *' K " ‘ I 1 ' 'hll'erenee is approxi- 
valiu's at 6500 kc Y) v „ . lk< ' previous and the present, observed 
Previous work the effect L t Ilamnvt ’ r h-niperature range of the 
constant pressure. Over ,. ini|KTa(un ‘ "’ius taken as linear at any 
present work, this is form,I ,, 7 YT? t( ‘iiiperuturc range of the 
becomes greater at the hiT *° l<> ‘ ’ * n,t tk(> of temperature 
minimum near 25 °. At >7 ^JPcraturcs, and passes through a, 
between resistance and Im 7' suro ’ lmw< ‘ v< ' r > the relation 

tire limits of error, which are T "7-77*'** * oun ^ to be linear within 
Ihe resistance of the solid * 'T ->// '*hO(K) o| the total resistance. 

the solid under pressure was measured hy filling. 
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a capillary of very thin glass with the liquid, exposing to a pivssmv 
sufficient to freeze it, and making measurements on the solid om- 
tained in the glass without allowing the pressure to tali low enough to 
melt the mercury. By the use of thin glass I hoped to eliminate error 
due to the constraining action of the* container. It was necessary to 
use a capillary of rather large section, because ol‘ the mechanical diffi¬ 
culties of blowing and handling a very line capillary with e\cr,.>i\el\ 
thin walls, and the potentiometer method of measurement was 
therefore used. The loads were of fine platinum sealed through the 
glass. Under pressure the glass cracked around the seal ,, but of 
course this introduced no error in the measurement;, of the solid. 
Only one set of measurements was made on the resistance of the solid, 
at 0°. Measurements were made on the liquid up to the freezing 
pressure, pressure was then increased \ ory cautiously beyond the 
freezing point so that, freezing took place slowly, and the solid so 
formed was seasoned by an excursion to 12000 kg. and back nearly 
to the freezing pressure. Readings were now made in t he domain of 
the solid to 12000 kg. These readings wore exceedingly regular; tlaw' 
showed no departure from the smooth curve within tin* sensiti \ eness 
of measurement, which amounted to one part in 1500 on the total 
effect for the range 7010 to 12000 kg. dins was gratifying, because 
it showed that the very thin glass exerted no perceptible const raining 
effect. In the previous work with the liquid in heavy glass 
laries very irregular results were found after the metal had frozen. 

The relative values for the resistance of the solid art* shown in 
Table X in terms of the resistance of the solid at. 7010 kg. and 0 M as 
unity. In comparing these values with those of the liquid it must be 
remembered that the values for the solid are relative values of the 
“observed” resistance, and must be corrected by a. factor equal to tbi¬ 
linear compressibility in order to give relative values of specific resist¬ 
ance. The pressure coefficient of “observed” resistnnee may la- 
found from the table to be —0.0 4 2b0, and within the sensitiveness of 
the measurements it is constant over the pressure range from 7010 to 
12000. This value for the pressure coefficient is somewhat higher 
than the minimum value set in the previous work, which was —0.0i,2. 
The accuracy of the previous work for the solid was so low that it. was 
stated that the maximum value for the solid might not impossibly be 
ten times the minimum. The pressure coefficient, of tin- solid is very 
nearly that of the liquid, which is 0.0&224 at 0500 kg., when corrected 
by one third the volume compressibility of the liquid mercury so as 
to be strictly comparable with tin- value for the solid. It is surprising 
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The ratio of Ut*‘ iwTfanre «»f flu* liquid f<• thal n f tie >nlid nt lie frc^zinir 
point. at 0“ and 7t» ill kj*. Jm a,:{ i;». 


tliiit the valutas tor thr solid and thr liquid are so close*, and still move 
surprising that the \alue for the solid is greater than that, for the 
liquid. 1 he ionner rough work Migge *sie*d the* opposite* and more 
natural behavior. 

Ihe ratio oi the* resistance* of the* .-olid to that of tin* liquid at the 
freezing pressure may also he calculated from the measurements. 
In view ot the* (*\tr(*me‘ ran* taken to eompe*l the* freezing to go slowly, 
and the tact that when the apparatus was taken apart tin* capillary 
was found cracked only at the* bend, it is probable* that the* obseTved 
ratio of resistance* ol solid to liquid refers to the* relative resistances of 
material occupying space of the* same* dimensions in the* liquid and 
solid states, that is, to relative value's of the* specific resistance*. The 
\alue found for the ratio of resistance* of* liquid to solid at 0° and 
7640 kg. (the equilibrium coordinate's) was Tdln. This falls within 
the range of the very irregular value's found in the* previous work. 

Gallium. Ihe raw material from which this rare* medal was pre¬ 
pared I owe to the kindness of I)r. K. Stock of tlu* Bartlesville Zinc Co. 
Ihe* purification I owe to the kindness of Professor T. W. Richards. 

e was engaged in a redetermination of the atomic weight and certain 
° er physical properties, and w f as kind enough to include' some of my 
raw material with his, and let me have some of the purilied product. 



The actual work of inu-ifH^tinn ua f , 
direction of PvolVssor Ku-hafl l ^ ; • 

0.01% total impurity. 1 rot.' m • ’ . 

make a spcctroscopio_m.al.NM- t..v • 'p ' 

of zinc as the impunt\. Hi.-ro ' ‘ ‘ 

F Therc was available for no u.ou ........ nt 

was ample for a (Ictorminat.o.. .4 »!»- « »■ 
and also for a dctcriitmation "Ob. 
with pressure and an evplorai.o.. i-i "; ,l! 
(which had not. been pnw.oii In ■•*■"*■ 11 

determination of the ol.rn.};.' oi —ip' 

freezing data arcs therefore, not y f * a •* | 

The measurements here tie Uil lis,u 

the liquid, temperature eertlieinti »\ n y 
at atmospheric pressure, change oi »« i-U ! 
to the liquid, effect of pressure <!!l [' 4 L,1 “ ' 
and variation of freezing pre-tire with u uq.* 


\! 


The determination of the tretime * m * 
new modifications was the fir t fa t, in s, oi* * 
which the resistance measurement w* * r 1 
is, of course, almornial in that i? expand 
freezing temperature is aeenrdim U d«pt» < »i 
sure. It would not he unnatural to expr. 1 l!f 1 
pressures like the other modification **t ie. 
quantity of material u\ai!ahh* the method * 
modifications had to he an electrical om 1; 
tion to form the material into w ire le < ms 
resistance of the solid as a function of po no 
tures. A change from one modification ?m ,uo< 
by a discontinuous change of no! tarn *\ and m» 
ing. Unexpected difficulties were found ;n d 
extrusion is performed at room tempnafm*, ^ 
the one-sided stress instead uf e\t rudhv dm 
is 29.85°),and if this elTeet U it\oid**d le. lomi 
the metal becomes so exceeding!} ? i 1V and m* 
very difficult. After an un.sueeev fu! at trmpt 
I tried extrusion at the temperature of in* and . 
ture the metal spit out of the* die in In a t pier? . 
work, I did get a few inches of wire at fin. # 
Perhaps some intermediate temperature would 
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Mechanically the extruded wire is very erystalline and brittle, and 
will support almost no bending. When enclosed in a glass capillary, 
however, and if the capillary breaks across without breaking the 
gallium, as sometimes happens when the capillary is ruptured by 
freezing, the metal may be pulled out by a. tensile stress and appears 
as ductile as lead. 

The extruded wire was used in an attempt to find the melting 
curve. Short lengths were laved horizontally between two copper 
wires, short-circuiting them. It was expected that when melting 
took place the system would open circuit. The surface tension of the 
gallium proved to be so high, however, that this method did not work. 
The metal, even when melted, only sagged between the supports, 
and no measurements could be made. Several modifications of this 
scheme were tried with indifferent, success. These preliminary meas¬ 
urements made pretty evident, however, that, there were no new 
modifications, and that above the normal melting point the metal 
remains liquid at all pressures lx'low 121)00 kg. 

Measurements were now made on the resistance of the liquid as a 
function of pressure above the melting temperature. The liquid 
gallium was enclosed in a glass capillary, provided with four platinum 
terminals, and measurements made by the potentiometer method. 
The capillary was filled in high vacuum to avoid error from air stick¬ 
ing to the walls. From a comparison of the resistance of the capillary 
when filled with gallium and when filled with mercury it was possible 
to obtain the resistance of gallium in terms of that of mercury, and so 
the specific resistance of liquid gallium. 

After completion of measurements on the liquid, the temperature 
of the apparatus was lowered into the region of the solid, and after 
some trouble, the liquid was induced to freeze. The melting curve 
was now determined by finding, as a function of temperature, the 
pressure at which the resistance began to change discontinuously. 
It was necessary to do this very cautiously. In changing pressure 
the thermal effects of compression might easily be sufficient to entirely 
melt the gallium, when long and tedious manipulation would be neces¬ 
sary to make it freeze again, because of the well known property of 
supporting great subcooling. In this way the melting curve was 
mapped out to 12000 kg. 

Measurements were also made on the resistance’ of the solid as a 
function of pressure while enclosed in the glass envelope, but there 
were irregularities, and it was evident that the solid must be uncon¬ 
strained in order to give reliable results. Accordingly a small rod 
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0 f solid gallium was sculptured out with considerable dillirult \ wills 
a warm wire as a sculptor’s tool, four platinum tnmisial. were et 
iiito it, and measurements made of tin* pressure eoellieient of re ,i t 
ance bv the potentiometer method. The temperature rueilieinu 
of the solid at atmospheric pressure was also determined with t hi. 
free specimen, This seems to be the (trst time that (hi - ha » been done, 
Previous measurements of the temperature eoellieimf of the olid 
have been on the solid in glass, and no correction ha, been applied 
for the constraining olVoet, of the glass. After the eomplrtion of the 
resistance measurements on the free solid another point wa . found 
on the melting curve, which cheeked with the point ; found pnwi* 
ously. The resistance of the solid showed no discominuifie , within 
the errors of the measurements, and hence it is not likeh that there 
are new modifications in the region of the measurements. Tin ; wa , 
rather a disappointment. 


TAULK XL 
(5 \uiat \i. 
Malting (‘urve. 
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The smoothed coordinates ol the nutting curse art* given in Table 
XI, and the observed points with tin* curve art* shown in Figure S, 
For the melting point at atmospheric pressure I used the value 
determined for this sample by Mr. Boyer, which is 2U.SoA This is 
lower than the value originally given by delioisbaudrnn, 14 20.1 ,7\ 
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but is higher than that given by Guntz and Broniewski, 15 29°. The 
value of Boyer is the mean of a number of values determined with 
extreme care, and is seen to fit perfectly with the values which I have 
found at higher pressures. Considering the extreme purity of this 
sample, there is every reason to give this value the preference. 



4 5 6 7 8 

Pressure, Kg. / Cm. 2 X 1 O' 3 
Gallium 

Figure 8. The melting curve of gallium. 


The melting curve has the same form as that of water and bismuth, 
the "only other substances I know with curves of this abnormal type. 
It is characteristic of these curves that the slope becomes numerically 
greater at the higher pressures. The slope of the melting curve of 
gallium increases numerically by about 15% in the pressure range of 
12000 kg. 

The slope of the melting curve may be combined with other data 
to give the latent heat on melting. Boyer’s values for 'the densities 
of the solid and liquid at the melting point are 5.90 and 6.09 respec¬ 
tively. This gives 0.00529 for the change of volume per gm. on melt¬ 
ing. Taking from the above curve the value 0.00203 for the initial 
slope of the melting curve, and substituting in Clapeyron’s equation, 
we find 18.5 cal. per gm. as the latent heat of melting. Boyer has 
recently determined this to be 19.1. The agreement is probably 
within the error of the density determinations. The variation of the 
latent heat along the melting curve cannot be found until the varia¬ 
tion of the change of volume along the melting curve is also known, 
and this will require a larger sample. 

The ratio of the resistance of the liquid to that of an equal volume 
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of mercury at the melting point was found to be 0.26S3, against the 
value, 0.272 of Guntz and Broniewski. 14 Taking for the specific 
resistance of mercury at this temperature 96.59 X 10“ 6 , this gives 
25.92 X 10~ 6 for the specific resistance of liquid gallium at the melting 
point. 

Three runs were made on the resistance of the liquid as a function 
of pressure, at 34.2°, 62.5°, and 94.4°. Before the final measurements 
another run was made on another sample. This run had somewhat 
greater error, but agreed with the final results within the irregularities 
of the measurements. The resistance measurements of the liquid 
showed a distinct hysteresis, doubtless due to the action of the glass 
capillary. Any such effects would be expected to be especially large 
for gallium because the pressure coefficient of resistance is so low. 
The difference between readings with increasing and decreasing pres¬ 
sure might amount to 2.5% of the maximum effect. Except for this, 
the points lay regularly within the sensitiveness of the readings. The 
values obtained from these three runs were smoothed in the regular 
way, and the resistance tabulated at regular intervals of temperature 
and pressure. The results are shown in Table XII. In this table 


TABLE XII. 

Gallium. 

Relative Specific Resistances of the Liquid. 


Pressure 
kg/om- 

SO 0 

Rrtsistanttu 

05° 

100° 

0 

0.0450 

0.0047 

0.0824 

1000 

.0415 

. 0005 

.0783 

2000 

.0380 

.0504 

.0743 

2000 

.0342 

.0527 

.0705 

4000 

.0308 

.0488 

.0007 

5000 

.0272 

.0452 

.0029 

0000 

.0238 

.0418 

.0593 

7000 

.0205 

.0383 

.0558 

SOOO 

.0171 

.0349 

.0522 

9000 

.0139 

.0310 

. 0480 

10000 

. 0105 

.0283 

.0451 

11000 

. 0075 

.0252 

.0418 

12000 

.0044 

.0223 

.0380 

Average 




Coefficient 

0-12000 

-0.06531 

— 0.0s532 

-0.0fi534 
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the unit of resistance is the resistance of the solid at atmospheric 
pressure and 0° C. There may he some question as to the accuracy 
•of the value for the ratio of resistance of solid to liquid, hut this can¬ 
not affect the relative accuracy of the values listed in the table for 
the resistance of the liquid. 

The values listed in the table have been corrected for the thermal 
expansion and compressibility of the glass, so that the values are 
proportional to the specific resistances. In making this correction the 
thermal expansion of the glass was assumed to be 0.0r,tt, and the linear 
compressibility 0.0 (I 7. The correction for thermal expansion is small, 
and any error in the value assumed for the coedieient, cannot appreci¬ 
ably affect, the results, but because of the smallness of the pressure 
coefficient of resistance, the comet ion for the compressibility of the 
glass is rather important. The correction for compressibility, as given 
in the table, amounts initially to 11 % of the pressure coedieient. The 
compressibility of did'erent, varieties of glass varies a good deal; it 
is perhaps conceivable that the value assumed is as much as 20% 
different from the correct, one, so that the possibility must be recog¬ 
nized that the values given in the table for the pressure coedieient of 
resistance may be in error by as much as 2%. However, any correc¬ 
tion of this sort will not affect the relative curvature, since the com¬ 
pressibility of glass is sensibly linear, and it, seta ns justified to retain 
all the significant figures of the table. The effect of the corrections 
for the glass is to increase both the observed temperature and pressure 
coefficients of resistance. 

The average pressure coedieient of the liquid to 12000 kg. is seen 
to vary little with temperature. In absolute value it is somewhat 
less than one half that for bismuth, and one sixth that for liquid mer¬ 
cury. The curvature is in the normal direction, that is, the coedieient 
becomes less at the higher pressure's. 

The pressure coefficient of resistance of the solid was measured 
only at 0°; at this temperature the entire pressure range e>f 12000 kg. 
was available, whereas at higher temperatures the pressure range' was 
restricted by the melting, and the accuracy was proportionally h'ss. 
The absolute resistance of the specimen was lenv, so that, measurements 
could not be made with as much accuracy as usual. Beside the final 
run from which the tabulated re'sults were taken, several rougher runs 
were made with other samples; these agreed with the final results 
within the accuracy of the measurements. Within the limits of error 
the relation between resistance and pressure is linear at 0° to 12000 
kg., and the coefficient is — 0.0 5 247. The maximum departure of 
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any of the observed points from a, linear relation was 2.7% of the total 
effect. 

The constraining effect of a, glass capillary on the solid is shown by 
the low value, — O.Or.lOl, found for the coefficient of the solid in glass. 

The pressure coefficient, of the solid is seen to be negative, that is, 
normal. This was rather a, surprise; I had anticipated because of the 
abnormal expansion on freezing and the fact, that, bismuth also expands 
on freezing and has a positive' coefficient of resistance that; the coeffi¬ 
cient of gallium might bo positive also. The' numerical value of the 
coefficient, of the solid is quite normal, when compart'd with other 
metals. It is the value characteristic of a hard metal, which in most 
other cases also means a, metal with a high melting point. Tim eoetli- 
cient of the solid is oi the' order e>f one' half that of the' liejuid. This 
again is as e>ne would e'xpe'et, except. for tlu k abnormal volume rela¬ 
tions on freezing. IIowoveT, the solid is le'ss compressible than the 
liquid in spite of its greateT volume* 15n ; so that from this pe>int, e)f view 
the relative magnitueli's of the' pressure' <*<>edfiede'iits e»f liepiiel and soliel 
do ne)t seem unnatural. 

The temperature ce>e'fficie'nt of resistance of the' unconstrained 
soliel was obtaineel from mu lings at. 0° anel 21.5°. The' value' for this 
range is 0.003{)(>3, an entirely normal value'. ! > re'vious value's for this 
coefficient are exce'eelingly unce'rta,in. Gimtz and Broniewski’s read¬ 
ings were quite irregular, the effectovem re've'rsing in sign above' 1S.G 0 . 
This may have been elue to the' const raining dlcet of the' glass; such 
an effect is te> be expe'ct.ed, and in the' e)bse'rve'd direction. 

It may be mentioned that I maek' me'asure'ine'nts em the subce)e)k'el 
liquid at 0°, and found the re‘sista,ne*e' te> lie' on a re'gular prolongation 
of the curve lor the resistanew above the' meiting point, (iuntz and 
Broniewski, on the e>ther hand, found the' resistance' of the' liepiiel te> 
pass through a minimum anel to increase a,gain in the' unstable' region 
below the melting point. 

The ratio of the resistance e>f the' solid to that e)f the' liejuid at the 
freezing point was femnel from measurements e>f the' resistance e>f tlm 
soliel at 0° in the glass capillary anel the rcsistane*e of the liejuid in 
the same capillary. The resist a, nee of the' solid was extrapolated to 
the melting point with the' ooeflie*ient femnel. This procedure* may be 
open to some questiem, hut it se'emu'd as satisfactory as any e>th('i* that 
presented itself. The' spe'cilic resistance e>f the 1 solie 1 was femnel to be 
1.733 times that of the liejuid at the' melting pe>int. N T e)t,ie*e that the 
relative magnitude of the volumes gove'rns the relative' magnitueks of 
the resistance; the soliel with the' larger volume also having the* larger 
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resistance. Guntz and Broniewski found 2.09 for the ratio of the two 
resistances. 

Titanium. By the kindness of the Research Laboratory of the 
General Electric Co. I was enabled to make measurements on a fila¬ 
ment of titanium deposited on tungsten, which had been used for 
experimental work with incandescent lamps. The dimensions of the 
tungsten core were such that the total impurity of tungsten was only 
1.8%. The method of deposition of the titanium on the core is not 
known to me; the surface of the filament was distinctly crystalline 
in appearance, probably due to recrvstallization after deposition. It 
had been glowed out in vacuum at high temperature after deposition 
in order to remove impurities of hydrides, nitrides, and oxides, all of 
which are readily formed with this substance. This glowing out must 
have produced alloying with the tungsten core, and the alloy so formed 
is evidently quite different in its properties from the pure metal. This 
may be stated with confidence because the General Electric Co. 
found for the specific resistance of this filament the value 350 X 10~ 6 
ohms per cm. cube, which is higher than would be given by the tungsten 
core alone. The same thing is indicated by the low value of the tem¬ 
perature coefficient, which was 0.000221. 

The difficulties of the pressure measurements were very great, and 
it was not possible to obtain results which w r ere at all regular. It can 
be stated only that the pressure coefficient is exceedingly small, 
probably not greater than 10 -7 per leg., and that the likelihood is that 
the resistance increases with pressure. 

Zirconium. Two filaments deposited on tungsten in the same 
way as the titanium were made available through the kindness of the 
General Electric Co. The treatment of the filaments had been the 
.•same as that of titanium. It is probable that the temperature of 
flowing out had been sufficient to produce alloying with the tungsten 
■core. This is- strongly suggested by the low value for the tempera¬ 
ture coefficient of resistance, which, between 0° and 100°, was 0.00004 
for one specimen, and 0.00058 for the other. The dimensions of the 
wires on which these filaments were deposited would indicate a total 
impurity of tungsten of 1.8% and 0.0% for the two samples respec¬ 
tively. The impurer sample has the smaller coefficient, as is usual. 
The exceedingly low value of both coefficients indicates that the 
impurity has a specific effect, and that any results found for the pres¬ 
sure coefficient may not be very close to the values for the pure metal. 

In view of the probably large effect of the impurity, and also of 
the difficulty of the measurements, a great deal of effort was not 
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put on this substance. The potentiometer method of measurement 
was used. This substance cannot be soldered, so that it was neces¬ 
sary to make connections with fine springs; slipping of the springs 
was perhaps accountable for some of the irregularities. The surface 
layer has a very high resistance, which again introduced irregularities 
at the spring contacts. 

Two runs were made on the impurer specimen, at 0° and 94°. The 
irregularities of the second run were so great that the results were not 
computed. Within the limits of error the relation between pressure 
-and resistance is linear at 0°, and the coefficient is — 0.0 6 5. 

The results on the second and purer sample were much more regular. 
Readings were made at 0° and 95°. At both these temperatures the 
relation is linear to 12000 kg. The best value for the pressure coeffi¬ 
cient is — 0.0 6 398 at 0°, and — 0.0o396 at 95°. The coefficient is 
seen to be very small; such small values have been found only for 
certain of the high resistance alloys. The specific resistance of these 
Zirconium filaments was also very high; 200 X 10~ 6 ohms/cm 3 is the 
value given me by the General Electric Co. 

Arsenic. Considerable interest attaches to this element because 
of its position in the periodic table above bismuth and antimony and 
below black phosphorus, all of which are abnormal in behavior under 
pressure. The arsenic used in this experiment was furnished by 
Eimer and Amend. It had been distilled in vacuum, but was other¬ 
wise of ordinary commercial quality, and I have no way of knowing 
what the impurities might have been. I attempted to cast it in a 
mold of pyrex glass, supported on the outside with magnesia, and 
enclosed in an iron pipe with caps tightly screwed on the ends. The 
melting temperature of arsenic was high enough to melt the pyrex, 
however, and the arsenic was found after the heating in the form of a 
solid slug in the lower part of the magnesia powder. It may possibly 
have come in contact to a slight extent with the iron of the pipe while 
in the molten condition. A slender rod about 1 mm. square in section 
and 2 cm. long was worked out of the slug with a file and a hack saw 
■and by grinding. Grooves were filed on the ends, connections made 
with spring clips, and measurements made with the potentiometer 
in the regular way. I was surprised to find after I had completed 
the measurements that Matthiesen 16 had soldered connections to 
arsenic, and I verified for myself that it is as easy to soft solder to 
this metal as to antimony, for example. In fact the completely 
metallic character of the massive casting is a surprise contrasted with 
the appearance of the sublimed material as ordinarily furnished. Of 
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course if I ever repeat this work I shall make connections by soldering. 

A measurement of the temperature coefficient of resistance showed 
a discouragingly high probable impurity; the average coefficient 
between 0° and 95° was 0.0007G, whereas Matthiesen 15 had found 
0.003S. The high probable impurity of this sample did not make it 
worth while to make any very extended pressure measurements. 
One run was made. There were considerable irregularities, but within 
the limits of error the relation between pressure and resistance is 
linear to 12000 kg., and the value of the coefficient is —0.0 5 326. 

This coefficient is similar to that of a number of metals both as 
regards magnitude and sign. Arsenic is seen therefore to acquire 
neither the abnormal sign of the coefficient of its neighbors bismuth 
and antimony on the one side, nor the abnormally high numerical 
value of the coefficient of black phosphorus on the other. 

Liquid Bismuth. The pressure coefficient of resistance of solid 
bismuth is abnormal in being positive; it was of particular interest to 
find whether the same abnormal behavior holds for the liquid. The 
bismuth used for these measurements was from the same lot of electro¬ 
lytic bismuth as that whose pressure coefficient was previously meas¬ 
ured. It was melted into a U-shaped fine glass capillary provided 
with four sealed-in platinum terminals for use with the potentiometer 
method. Special precautions were necessary to prevent the bismuth 
from cracking the capillary on freezing; this was accomplished by 
very slow cooling from the bottom up after the capillary had been 
filled with liquid bismuth. In this way congealing ran upward from 
the bottom of the capillary toward the open top, and no liquid was 
entrapped by the solid to crack the glass by its expansion on freezing. 

A special arrangement of the pressure apparatus was necessary to 
permit the electrical measurements. The same arrangement was also 
used with lithium, sodium, and potassium, but since the apparatus 
was first used with bismuth, it will be described here. The difficulty 
was with the insulating plug, which was packed with soft rubber. 
This would have been carbonized by the temperature of melting 
bismuth. The pressure apparatus was accordingly constructed in 
three parts, instead of the customary two. There was an upper 
cylinder, as usual, in which pressure was produced, and in which was 
located the measuring coil of manganin wire. This upper cylinder 
was connected by a stout tube with the cylinder below it, in which was 
placed the bismuth in the glass capillary. This second cylinder was 
surrounded with a bath of Crisco, by which the desired temperature 
was maintained by thermostatic regulation. Out of the bottom of the 
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second pressure cylinder was led another piece of stout tubing, which 
passed through a stuffing box in the bottom of the (Yiseo bath, and 
below the bath connected with a third pressure cylinder. This third 
cylinder was kept cool by a bath of water at room temperature. This 
bath was stirred to maintain the temperature uniform, but it was not 
necessary to regulate the temperature thermostatically. In the lower 
pressure cylinder was situated the insulating plug, of the same design 
as used in all the work with the potentiometer method. The plug was 
connected with the bismuth in the second cylinder by four insulated 
leads brought dowm through the pipe connecting the second and third 
cylinders. The insulation of these wires was asbestos; asbestos 
covered copper wire is now a, commercial product. In this way the 
insulating plug was kept cool, so that there was no danger of leakage 
or failure of insulation because of the high temperature. The only 
trouble to be anticipated v r as large parasitic e.m.f.’s because of the 
large differences of temperature, but the parts in which there were 
temperature gradients v r ere composed of electrically homogeneous 
material, and no more trouble was found from this elicet, than at 
ordinary temperatures. 

Runs were made on liquid bismuth at 274.0°, 2(>0.0°, and 220.0°, 
in this order. For fear of damaging the capillary (fused in platinum 
leads almost always make trouble under pressure) the pressure v r as 
not raised to the maximum of this work, 12000 kg., until the last run, 
so that I did not obtain data for the resistance of the liquid over the 
entire possible range. At 220.0°, however, pressure was run to the 
maximum with no bad effects. After the measurements on the liquid, 
the bismuth was allowed to freeze under pressure, and measurements 
were attempted on the solid. The results for the solid were not good, 
however, probably because of strains introduced on freezing in the 
fine capillary. There w r as no w T ay of controlling the freezing under 
pressure and making it take place from the bottom up as had been 
possible in initially setting up the apparatus. The elfeets of strains 
were apparent in two ways; the pressure coefficient of resistance of 
the solid was negative over part of the range below the solidifying 
point, whereas that of the unconstrained solid is positive, and the 
freezing point was depressed a couple of degrees, which is in the 
direction to be expected if there are internal strains. Irregularities 
introduced by these strains are of importance, lunvever, only when 
it was desired to obtain the relative changes of resistance with changes 
of pressure, and it was possible to find a value for the change of resist¬ 
ance on solidifaction which should not be greatly in error. 
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The readings on the liquid went very smoothly. Within the limits 
of sensitiveness there was no difference between points obtained with 
ascending or descending pressure, and except for one point, all of the 
observed points lay on smooth curves within the sensitiveness of 
reading, which was about 0.2% of the total effect. The observed 
values, smoothed for temperature and pressure, are shown in Table 
XIII in terms of the resistance at the melting point at atmospheric 
pressure as unity. The values tabulated are “observed” values, 
that is, they have not been corrected for the thermal expansion or 

TABLE XIII. 

Bismuth. 

Relative Values of Observed Resistance of the Liquid in Glass Capillary. 


Pressure 
kg/ cm 2 

275° 

Resist, mice 
200° 

240° 

0 

1.0019 



1000 

.9900 



2000 

.9789 



3000 

.9084 

.9017 


4000 

.9584 

.9520 


5000 

.9490 

.9426 


0000 

.9400 

.9336 

.9253 

7000 

.9314 

.9249 

.9169 

8000 


.9167 

.9088 

9000 



.9008 

10000 



.8931 

11000 



.8855 

12000 



.8783 


The resistance of the liquid at atmospheric pressure and 271.0° is taken as 
unity. 

compressibility of the glass capillary. It did not seem best to do 
this because of the uncertainty in the values for the glass at the tem¬ 
peratures and pressures of the measurements. The glass used for the 
capillary was an ordinary soft soda glass. The best value for the 
cubic compressibility is probably 2.7 X 10~ 6 , taking Amagat’s values 
for the compressibility and temperature coefficient of compressibility, 
and for the linear thermal expansion the best value is probably 8 X 10~ 6 . 

The most important result shown by the table is that the pressure 
coefficient of resistance of the liquid is negative like all normal metals. 
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The positive coefficient of the solid is therefore presumably due to 
its crystalline structure. The liquid behaves in other ways also like 
normal metals. When resistance is plotted against pressure, the curve 
is convex toward the pressure axis; that is, the pressure coefficient 
decreases relatively (and also absolutely) at the higher pressures. The 
pressure coefficient is little affected by temperature, within this range, 
and also the temperature coefficient is little affected by pressure. The 
initial pressure coefficient of the “observed” resistance at 275° is 
— O.O 4 I 23 , which corrects, using the constants above, to — 0.0.432 
for the specific resistance. Both of these coefficients are to be dis¬ 
tinguished from the pressure coefficient of the “ observed ” resistance 
of a solid. The pressure coefficient of the liquid is of the same magni¬ 
tude as that shown by the softer solid metals, such as lead, and is also 
very nearly the same numerically, although of opposite sign, as that 
of solid bismuth. 

The temperature coefficient of the “ observed ” resistance at 275° 
is 0.00047, which corrects to 0.0004S for the coefficient; of the specific 
resistance. This is about five times less than the value for a normal 
solid at the same temperature. It is almost always true that the 
temperature coefficient of the liquid is materially less than that of 
the solid. 

At 7000 kg. at the equilibrium point, the resistance of the liquid 
is approximately 45% of that of the solid. At atmospheric pressure 
Northrup and Sherwood 17 found for the ratio 43%. There was con¬ 
siderable preliminary rounding of their melting curve, so their results 
are probably not any more accurate than mine, but it is at any rate 
evident that this ratio does not suffer any large change with increasing 
pressure. 

Tungsten. In the preceding paper 18 results were given for the 
pressure coefficient of resistance of tungsten, but the value of the 
temperature coefficient of resistance of the sample used was so low 
(0.00322) that it was probable that the tungsten was not very pure. 
Since the publication of rny earlier paper Beckman 19 has measured 
the effect of pressure to 1600 kg. on the resistance of a sample of 
tungsten having a considerably higher temperature coefficient than 
my original piece, and has found a higher initial value of the pressure 
coefficient than I did. 

The sample of tungsten on which I previously experimented was 
the purest which the General Electric Co. was at that time in a posi¬ 
tion to offer me. I have since learned that it was probably “doped,” 
that is, thoriated, the impurity of thorium being 0.2 or 0.3%. Through 
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the kindness of the manufacturers I have since been able to measure 
the resistance of two samples of “undoped” tungsten of high purity. 
The Westinghouse Lamp Works gave me a specimen which they esti¬ 
mated to contain less than 0.08% total impurity, and the Research 
Laboratory of the General Electric Go. placed at my disposal a speci¬ 
men which they estimated to be even puna*. Judging by the test of 
the temperature coefficient the General Electric sample was appreci¬ 
ably purer. The average temperature coefficient, between 0° and 100° 
of the Westinghouse sample was 0.008925, and that, of the General 
Electric sample 0.004209. 

Pressure measurements were made on both samples, but only those 
on the purer are given in detail here. The treatment, of both speci¬ 
mens was the same. The wire was 0.002 inches in diameter; it was 
wound bare on a bone core, and connections were made by fusing to it 
pure nickel wire with an arc in hydrogen. This method of making 


TABLE XIV. 
Tunustk N'. 


Temp. 

°C. 

Resistance! 

Pressure Goellicienl. 

Average 

At 0 ktf. At 12000 k«. 0 ~12t;0() 

Maximum 

Devialion 

from 

Linearity 

Pressure 

of 

Maximum 

Deviation 

0 ! 

1.0000 

-0.0&140 

-OAuai 

-0. Or,LOW 

.00015 

5500 

50 

1.20S4 

107 

100 

1040 

7 

7000 

100 

1.4200 

140 

100 

loos 

14 

7500 


connections was taught me by the General Electric ( V)., and is simpler 
than the combination of gold and platinum which I formerly used, 
although the former connection was just as satisfactory electrically. 
The wires were seasoned by a long preliminary heating to 125° and 
by an application of 12000 kg. Three runs were made, at 0°, 50°, 
and 95°. Except for two bad points, the greatest departure of any 
of the observed -points from a smooth curve at any of the three tem¬ 
peratures was 0.2% of the total effect, and the displacement of the 
zero after a run was not greater than the irregularity of the other 
points. The observed results were smoothed, and a table constructed 
for the resistance as a function of pressure and temperature by regular 
methods. The results are shown in Table XIV and Figure 9. The 
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relation between pressure and resistance is nearly linear, and the 
departure is in the normal direction, that is, the coellicient becomes 
less at the higher pressures. The results are somewhat unusual in 
that the pressure coellicient does not advance regularly with increas¬ 
ing temperature, but is less at 50° than at either 0° or 100°. The 
same behavior was shown by the impurer sample also, and is doubtless 
real. The departure from linearity is also loss at f>0° than at either 
0° or 100°. 
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Fkiitrio 0. Results for the measured resistance of lungs!on. The devia¬ 
tions from linearity an* given as fractions of the resistance at 0 kg. and 0°(k 
The pressure coefficient, is tin* average* eoolfieiont, between 0 and 12000 kg. 


The results for the impurer sample wore similar, but the numerical 
values were different. Tin* average coefficients to 12000 at 0°, 50°, and 
100° being respectively — O.OJdNT, 1221, a,nd 1202. These may be 
compared with the values of tin* Table; the dilforenees art* of the 
order of 0.5% at 50° and 100°, hut the dilference rises to 2% at 0°. 
At 0° the coefficient of the impurer is larger, and at the two other 
temperatures is smaller. 

These results may be compared with those recently published by 
Beckman. 18 He finds for the average temperature coefficient of his 
sample 0.00299, which is a, trifle* higher than that e>f the* impurer sample 
above. His initial pmssurc* co(*fficie*nt at 0° is — O.Of, 1 T> t, re*duee*d 
from atmospheres as the* pressure unit to kg/enr. This value is 
2.7% higher than that of the impurer of the two sampl<*s abe)ve, and 
5.6% higher than that of the purer. A comparison of the* pre*sent 
results with my former one*s shews that both of my new samples, 
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which are purer than my former one, have a higher pressure coefficient. 
It is evident that the sign of the effect of impurity on the pressure 
coefficient cannot be predicted with probability, as can the effect 
of impurity on the temperature coefficient. At the same time the 
fact is to be emphasized, previously already found to hold in a number 
of cases, that the effect, of impurity on the pressure coefficient is usu¬ 
ally much less than on the temperature coefficient. Thus in the pres¬ 
ent case, a change in the temperature coefficient, of 31% (present 
compared with former work) is accompanied by a change of pressure 
coefficient of only 9%. 

Lanthanum. This material 1 owe to the kindness of Professor 
Charles Baskerville, who had prepared it from the fused salts by 
electrolysis. No chemical analysis was available, but a spectroscopic 
analysis by Professor F. A. Saunders showed a large amount of Mg 
(possibly 10-20%) and a considerable amount of Si. There was a 
trace of Ca, no Ba, and none of the other ran* earth metals were 
detected. The rare earths tested for were (V, Pr, Nd, Er, Y, Yt, I)y, 
Lu. A nodule about one gram in amount was available for the 
measurements. A small homogeneous piece was cut. from the nodule, 
and extruded to wire in a small die of special construction. It is 
necessary to heat to about 450° to extrude, and even then the extru¬ 
sion is a matter of some difficulty. The wire so formed is exceedingly 
stiff; it is evident that its elastic constants and its clastic limit are 
both high. It is quite brittle, and can be bent only into a circle of 
large radius. I prepared two pieces of wire, one at a somewhat higher 
extrusion temperature than the other; the mechanical properties 
seemed unaffected by the temperature of extrusion. The wire on 
which measurements were made was only 1.7 cm. long, and was that 
prepared at the lower extrusion temperature. In order to attach the 
four terminals, spring clamps of special design had to be used; it is not 
possible to solder this metal. The clamps gave some difficulty with 
shifting of position, and the results were not so regular as usual. 

The temperature coefficient of this material between 0° and 100° 
was only 0.001476. This is very low, and indicates that the material 
was not very pure. For this reason it did not seem worth while to 
spend a great deal of effort on the pressure measurements, although 
these could have been improved by repeating the measurements 
with a longer specimen, which was obtained after the easiest extrusion 
temperature was discovered. 

Two runs were made for the pressure coefficient, at 0° and 50°. 
The ascending points of the run at 0° were entirely regular, but the 
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descending points were irregular, probably because of slipping of the 
contacts. At 50° the ascending and descending points agreed more 
closely, but there were irregularities both ascending and descending, 
less in magnitude than at 0°, and averaging 2.7*7, of the maximum 
pressure effect. 

The results are collected in Table XV and Figure 10; they are 
seen to be quite normal. The pressure eoellicient is negative, and 


TABLF XV. 
Lantuancm. 


Temp. 

°C. 

Resistance 

Pressure ('uellieienl 

V vrrafM' 

At 0 ktf. At I2UIK) ktf. u 1 ;.*t)iH) 

! 

| M.ivinmm 

I >«'\ iat inn 

; (’illlll 

1 .infant y 

Pressure 

of 

M axtmtim 

I >«*v ia t inn 

0 

1.0000 

-o.o.yW 

-0.(125 

• 0 ().,22l 

.0020 ; 

5.M >0 

50 

1.0752 

29 

20 

277 

1 

' 5.SO0 

100 

1.1470 








Lanthanum 


Figure 10. 1 lie deviations from linearity of the measured resistance of 

lanthanum in fractional parts of t ho resistance at. 0 kg. and 0‘ ( \ 


increases at the higher temperatures. The relation between pressure 
and resistance is also normal, the coefficient being smaller at. the higher 
pressures. It is perhaps unusual that the departure from linearity 
is less at the higher temperatures. The deviations from linearity are 
so small and so nearly symmetrical about the mean pressure that it 
is not necessary to reproduce the deviation curve graphically. 

I have been able to find no previous values for the specific resist¬ 
ance of this metal. The approximate value for the specimen above, 
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obtained from micrometer measurements of its dimensions, was 59 X 
1Q“ 6 ohms per cm. cube. 

Neodymium. This, as well as the lanthanum, I owe to the kindness 
of Professor Basken ille. Professor Saunders was land enough to 
make a spectroscopic analysis of this also. lie found a large amount 
of Mg, a little Si and La, a trace of ('a, no Pa, and nothing else recog¬ 
nizable. He tested for the rare earths (V, Pr, Y, Yt, Lu, Dy, Er. 
The form and method of preparation of the specimen was essentially 
the same as that of lanthanum. It was extruded into wire 0.020 
inches in diameter at *150°. The extrusion was materially easier than 
that of lanthanum. The wire is not so stiff, and may be straightened 
after extrusion without fear of breaking. Nevertheless it obviously 
belongs to the metals with high clastic c‘oust ants and high elastic limit. 
The specimen used for the measurements was 7.1 cm. in length; the 
manner of atl achment of the connections was the same as with 
lanthanum. The greater length of the specimen, and perhaps greater 
skill in handling it, led to much more regular results. 

A preliminary measurement of the temperature coeflicient was 
made at 0°, 50°, and 95°. Within this range the relation between 
temperature and resistance was found to be linear, and the coefficient 
was 0.000799. This is extraordinarily low, much lower than for 
lanthanum even, and it did not seem worth while to expend a great 
deal of time on the pressure measurements. 

Two runs were made for the pressure coefficient,, at 0° and 50°. 
The results were rather regular. There was no difference between 
readings with increasing and decreasing pressure, and the zero was well 
recovered. The maximum departure of any single point from a 
smooth curve was 2.0% of the total effect at both 0° and 50°. The 
numerical results are shown in Table XVI. The values are quite 


TABLE XVI. 
Nkodymium. 


Temp. 

°C. 

Resistance 

Pressure Coenieient 

A veruge 

At 0 kff. At 12000 0-12000 

Maximum 

Deviation 

from 

Linearity 

Pressure 

of 

Maximum 

Deviation 

0 

1.0000 

—0.0&238 

-o.Ofiis:* 

-0.06213 

.00078 

6000 

50 

1.0400 

250 

197 

220 

87 

6)000 
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normal. The coefficient is negative, and becomes greater numerically 
at the higher temperature. The departure from linearity with pres¬ 
sure is in the normal direction, the coefficient being less at the higher 
pressures. The departure from linearity is symmetrical, a second 
degree curve accurately reproducing the results, so that it is not 
necessary to draw the deviation curves. The deviation becomes 
greater at the higher temperatures, as is normal. 

I can find no tabulated values for the specific resistance of neo¬ 
dymium. The value for the specimen above, obtained from micro¬ 
meter measurements of its dimensions, was 107 X 10~ 6 ohms per 
cm. cube, about twice the value for lanthanum. 

Carbon. These results on carbon must be regarded as of an 
entirely tentative and orienting character. Present technical methods 
are not yet sufficiently perfect to permit of the manufacture of carbon, 
either amorphous or graphitic, of specifiable or reproducible properties. 
Any massive form of carbon always contains at least a slight amount 
of binder of unknown properties, amorphous carbon is always impure 
with a slight amount of graphite, and the purest graphite contains a 
small and unknown amount of amorphous carbon. 

Experiments were made on three samples of carbon. The first of 
these was supposedly amorphous carbon, an arc carbon made by an 
unknown German firm. The second was Acheson graphite cut from 
a piece of graphite furnished by the Acheson Co. for a resistance 
furnace, and presumably not made with any unusual precautions. 
The third specimen of graphite was also Acheson graphite, furnished 
by the Acheson Co., in response to a special request for graphite of 
the greatest obtainable purity. It was stated by them to contain 
the minimum of binder, and to have been graphitized with unusual 
thoroughness, but otherwise its properties were not known. 

In view of the unreproducible character of the results it will not 
pay to give them in great detail. 

Two sets of readings were made on the gas carbon, a complete run 
to 12000 kg. and back at 30°, and a few readings at 9C>°. This speci¬ 
men was about 3.5 inches long, and 0.154 inches diameter. Measure¬ 
ments were made by the potentiometer method, using the three 
terminal plug as usual. Connections were made to the carbon with 
spiral springs snapped into grooves filed around the surface of the rod. 
A preliminary seasoning was made to 6000 kg., but there was very 
little permanent change of resistance. At 30°, the resistance decreases 
with rising pressure, and the direction of curvature is normal, that is, 
the proportional effect becomes smaller at the higher pressures. The 
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percentage decrease of resistance was 6.68% at 6000 kg., and 12.07% 
at 12000 kg. At 96°, up to 3000 kg., the coefficient is about 4% 
greater. The resistance decreases linearly with temperature between 
0° and 100°, the total decrease for 100° being 2.56% of the resistance 
at 0°. The readings on this carbon were entirely regular, showed little 
difference between ascending and descending values, and an almost 
perfect recovery of the zero. 

The first specimen of Aeheson graphite was cut from a rod of 1.5 
inches diameter to about the same dimensions as the gas carbon. 
Measurements were made by the same method. Three complete 
series of readings were made, at 0°, 51°, and 97.4°. The readings were 
not so regular as with the gas carbon, showing large hysteresis effects, 
rising at the maximum to 12% of the total pressure effect, and there 
were also parasitic e.m.f.’s so large as to necessitate a special arrange¬ 
ment of the constants of the circuit. The sign of the effect is positive, 
the reverse of what it is for gas carbon, and there is very considerable 
departure from linearity with pressure, the coefficient becoming 
numerically less at the higher pressures. The total fractional increase 
of resistance under 12000 kg. decreases with rising temperature, being 
4.75% at 0°, 4.23% at 50°, and 4.23% also at 100°. The large 
departure from linearity may be judged from the fact that at 6000 kg. 
at 0° the increase of resistance is 3.44%, which is 72% of the increase 
under 12000 kg. The resistance decreases with rising temperature 
at atmospheric pressure, and the change is not linear. At 0° the 
resistance on an arbitrary scale is 1.0000, at 50° 0.9135, and at 100° 
0.8687. 

The second specimen of graphite, supposed to be especially pure, 
was subjected to a special preliminary seasoning in order to eliminate 
as far as possible the pores. It was sealed into a lead tube and 
subjected to a fluid pressure of 12000 kg. on the outside of the tube. 
The diameter of the specimen was reduced by about 2%, but there 
were a great many pores still visible to the naked eye. It was further 
seasoned by heating to 125° in vacuum; this treatment should have 
removed all moisture, of which no traces, however, were evident. 
This specimen was cut to the same dimensions, and measurements 
made in the same way as on the two preceding samples. Only one 
run was made, at 50°. This was terminated by an explosion at 12000 
kg. In view of the unreproducible character of the results it did 
not seem worth while to repeat the effort to obtain a complete set of 
readings. As with the other sample of Aeheson graphite, the effect 
of pressure is to increase the resistance, but the change was much less 



iaK(TKH'\l. !i! x v 


numerically tlmn for 

was much greater, sugyc-tin.. 1 
the resistance may ims> throng 
of resistance were louml at - 
respectively; namely, O.f.'.t' I 
The temperature corlHcirnt ot »« ■ f •* 
measured. 

Although the results obtain* 4 * I .H«« * 
are not reproducible, two infer** no 
signs of the pressure' eoefthdriif »**i ‘ 
graphitic states, and the law d* P«*’ >! 
with graphite, indicating a miis'iuuiu 
found in which a maximum or nuinimin 
reached at high pressures. 

Silicon. It. is well known ?!u f 
perfect for producing a pure and n ; *< 
carbon. Tor instance, the temp* s»Ouo 
in sign with different piece* n! appa 
In view of this situation ii ua . «*n?h 
sure measurements in order to e tabl 
effects. Two specimens were n <«i. 1 
Electric To. 

The first sample had not hem mu 
been obtained from the (’urhoruudum 
cylinder about 5 mm. in diumefej an*! 
made with spring clips, and mm no m» 
method, as usual. The HFerm v\n» * 
that the irregularities were in lun to ; 
were large seasoning elTerts on the lit * 
were always permanent change «*i o? 
differences between the 4 rending with ; 
sure in a direction the rev er a* <*f In o , 
made, at 0° and 52°. The red f.m. *• * 
normal. .At 0° tin* total deerm r m f .!. 
52° 15.8%. The client 1 % not but* as ! 
becomes less at the higher pie m« , 
temperature eocfheient of tbi out tub b> 


The second sample \va> ah*» inna l> u , 
dum Co., but it had been partial!; pot Or 
by melting in vacuum. Tim put ifd m , , 
for it was possible to see with tbi* n 4 |,» ,f , 
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.■and there were numerous fairly large pores. (There were visible pores 
in the first sample also). It need not be anticipated that the pores 
*cause any error in the pressure coefficient, for the transmitting liquid ‘ 
freely penetrates the pores and transmits pressure uniformly to all 
parts; there is never any permanent change of dimensions after 
an application of pressure. The second sample was of approximately 
the same dimensions and was treated in the same way as the first. 
Two sets of readings were made with this second sample, at 0° and 95°. 
The pressure coefficient is negative in sign, as it was for the first 
.•sample, but the numerical values are somewhat different. At 0° 
the resistance decreases by 10.1% under 12000 kg., and at 95° by 
15.3%. The change is not linear with pressure, but the coefficient 
becomes larger at the higher pressures, which is the opposite of the 
normal behavior of the first sample. The temperature coefficient 
•of this sample between 0° and 95° was + 0.0000615, about half as 
large as that of the first sample. 

In spite of the very marked differences these two samples agree 
much more nearly in their pressure coefficients than they do in their 
temperature coefficients. This agrees with previous experience, that 
in general the temperature coefficient is much more susceptible to im¬ 
purity than the pressure coefficient. We may expect, therefore, that 
the pressure coefficient of resistance of pure silicon will be found to be 
negative, and of the order of —0.000012, pressure being expressed in 
kg/cm 2 . Compared with most metals, this coefficient is high, being 
.about the same as that of lead. 

Black Phosphorus. Runs were made on two samples of this 
substance. The first was from the same piece as that which gave 
the values for the specific resistance and temperature coefficient of 
resistance already published. 20 The method of formation and some 
of the other properties have also been described. During the six 
years since the previous measurements, this specimen has been kept 
in a glass bottle, closed with a cork stopper and sealed with paraffine. 
The protection from the action of the air was not perfect, however, 
because the phosphorus had become covered with a layer of moisture. 
This moisture is probably due to slow oxidation of the phosphorus 
in the air. The result of oxidation is the formation of phosphoric 
acid, which is well known to be very hygroscopic, and therefore rapidly 
absorbs moisture from the air. An attempt was made to remove the 
•acid from the sample by boiling it with water for a number of hours, 
and then heating in vacuum for a number of hours in addition. 

The specimen previously used was a cylinder about 0.5 inches in 
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diameter. For the resistance measurements a square prism was cut 
from the center of this about 0.2 inches on a side. The resistance 
was measured by the potentiometer method, with the three terminal 
plug. The terminals were attached to the phosphorus by means of 
helical coils of very fine wire snapped over the prism in grooves filed 
on its surface. The distance between potential terminals was about 
1.5 cm. 

One run was made with this sample, at 0°. The points with increas¬ 
ing pressure ran smoothly, and on decreasing pressure the points with 
increasing pressure were repeated, except the final zero, where there 
developed a parasitic e.m.f. so large that further readings were impos¬ 
sible. The general character of the pressure effect was an enormous 
decrease of resistance under pressure. The results before the para¬ 
sitic e.m.f. appeared were very nearly the same as those found later 
with the second sample. The parasitic e.m.f. was ascribed to the 
imperfect removal of the phosphoric acid, and the specimen was 
again treated for a number of hours with boiling water, but without 
success. It was evident that the acid permeated the material too 
deeply to be removed by surface treatment in this way. It was 
accordingly necessary to prepare a fresh specimen of phosphorus. 

In preparing this fresh sample, advantage was taken of an observa¬ 
tion made by I)r. A. Smits 21 in preparing the phosphorus for measure¬ 
ments of the vapor pressure. He found that the kerosene by which 
pressure had been transmitted to the phosphorus during formation 
was exceedingly difficult to remove. A chemical analysis by Pro¬ 
fessor Baxter had also shown some carbon as an impurity of the 
phosphorus; it is possible that some of this might also have been 
introduced by the kerosene. It was therefore indicated that the black 
phosphorus should be formed if possible without contact with kero¬ 
sene. This was simply done by surrounding the yellow phos¬ 
phorus with water in the lower cylinder, transmitting pressure to the 
water with kerosene as usual, but so choosing the dimensions that 
the kerosene should never come in contact, with the phosphorus. 
This was entirely successful; the transition went essentially as before, 
when kerosene was used. In particular, occasion was taken to again 
measure the time rate of transition, and the same results found which 
have already been published, 22 and which make the explanation of 
the transition from yellow to black phosphorus so puzzling. That 
the phosphorus formed under water was purer than the phosphorus 
previously formed under kerosene was suggested by the absence of 
the peculiar odor, which had permeated the earlier product, char- 
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acteristic of kerosene which has been exposed to high temperatures 
and pressures. It would be of interest if the vapor pressure measure¬ 
ments of Professor Smits could be repeated on this specimen. 

The specimen so formed was dried in vacuum for a number of hours, 
at 125°, and sealed into an exhausted glass tube until ready for use. 
It was cut to the same dimensions, and mounted in the same way as 
the other specimen. Three runs were made with this, at 0°, 51°, and 
95°. In addition to the temperature seasoning incidentally done when 
it was heated in vacuum, it was given a pressure seasoning by an appli¬ 
cation of 12000 kg. at 0°. The runs all went smoothly; parasitic 

TABLE XVII. 

Black Phosphorus. 


Pressure 
kg/ cm 2 

0° 

Resistance 

50° 

100° 

0 

1.000 

0.662 

0.421 

1000 

.796 

.521 

.323 

2000 

.643 

.406 

.250 

3000 

.492 

.313 

. 1950 

4000 

.372 

.239 

. 1517 

5000 

.277 

.1816 

.1183 

6000 

.2042 

.1371 

.0910 

7000 

.1493 

.1028 

.0701 

8000 

.1079 

.0766 

.0542 

9000 

.0783 

.0572 

.0425 

10000 

.0565 

.0427 

.0337 

11000 

.0409 

.0318 

.0266 

12000 

.0297 

.0238 

.0209 


e.m.f/s were no larger than would be expected from the high thermal 
e.m.f. of this material, the behavior was perfectly reversible with 
ascending and descending pressure, and the alteration of zero after a 
run was no larger than the irregularities of any other of the observed 
points. 

The outstanding feature of the results is the exceedingly large 
decrease of resistance brought about by pressure, much larger than for 
any other substance which I have measured. At 0° and 12000 kg. 
the resistance is only 3% of its value at atmospheric pressure. The 
ordinary method of plotting is not adapted to such a wide range 
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Figure 11. Relative resistances of black ph<» phiu ai •*»•*«i-J * 4 , } * 

temperatures as a function of pressure. 

The smoothed results are shown in Tnhle XVII. whirl, r , 
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resistance itself was measured at every point with enough accuracy 
so that it would have been permissible to keep throughout the table 
a constant number of decimal places, but the pressure itself at the 
lower pressures is not known with a high enough accuracy to justify 
keeping more significant figures than shown. 

When the logarithm of resistance is plotted against pressure a 
nearly linear relation is found at all three temperatures. This means 


1 dR 

that approximately constant at all pressures at constant 


temperature, where R is the instantaneous value of the resistance at 
the pressure in question. The instantaneous pressure coefficient is a 
function of temperature, however. The average value of the instan¬ 
taneous coefficient between 0 and 12000 kg. is — 0.000293 at 0°, 

— 0.000277 at 50°, and — 0.000250 at 100°. The deviation of the 
logarithm from exact linearity changes sign with rising temperature. 
At 0° and 50° the instantaneous coefficient becomes greater with 
increasing pressure, which is not what one might expect, whereas 
at 100° it becomes less. At the two lower temperatures the deviations 
from linearity run smoothly with the pressure, but at 100° the varia¬ 
tions, although much less numerically, show one or two points of 
inflection with rising pressure. At 0° the initial value of the instan¬ 
taneous coefficient is — 0.000200 and at 12000 kg. it has risen to 

— 0.000320; the corresponding values for 50° are — 0.000231 and 
0.000290, and for 100° - 0.000262 and - 0.000249. 

The specific resistance was also determined. At 0° this was found 
to be exactly 1.000 ohms per cm. cube. This is higher than the 
value previously published for the other specimen, which was 0.711. 
The effect of temperature on the new specimen is also greater than 
on the previous one. The values for this specimen are shown in the 
table. The resistance decreases with increasing temperature, and 
the effect is not linear, as of course it cannot be, for otherwise the 
resistance would become zero at some finite temperature. The coeffi¬ 
cient found for the other specimen was also negative, but smaller 
numerically and within the temperature range, the relation was linear. 
Previously the relative resistance was found to drop from 1.000 to 
0.711 between 0° and 50°, whereas here the drop is found to be from 
1.000 to 0.622 for the same temperature interval. In view of the 
greater precautions in the preparation of this sample, there can be no 
doubt but that the present values are to be preferred. 

It was considered of sufficient interest to measure the thermal 
e.m.f. of this specimen of black phosphorus. The details of the 
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method need not be described; they were sufficiently obvious. 
Asymmetry in the specimen was eliminated by making two sets of 
readings with the hot and cold ends reversed. The difference of 
readings in the two positions was only 3 %. The temperature interval 
was from 0° to 21°. The effect is very large. The thermal e.m.f. 
against copper in this interval was at the rate of ().0()(MI3 volts per 
degree Centigrade, positive current flowing from copper to phos¬ 
phorus at the hot junction. 

Iodine. The measurements on iodine were part of the systematic 
attempt to measure the effect of pressure on the resistance of all the 
elements which could be handled with sufficient, ease. The striking 
effects found for black phosphorus, and the nearness of phosphorus 
and iodine in the periodic table gave rise to the hope that, a, similar 
effect might be found with iodine. 

The measurements proved of unexpected diflieulty, because of 
the readiness with which iodine dissolve's in most of the liquids by 
which pressure can be transmitted. It was found, for instance', that 
iodine dissolves in kerose'ne, e>r petroleum other, or glycerine*. It was 
a surprise to finel that the* solutiems are fairly good conductors. Con¬ 
siderable effort was spent in elewising a suitable me'tlmel e>f trans¬ 
mitting pressure to the iexline anel getting electrical cemne'ctiems into it, 
but without much success. In the arrangement. finally adopted, the 
iodine was melted into an e>pe'n glass cup, provided with twe> platinum 
electrodes connected with wire's settled through the' base. The' cup 
was placed in a second large'r cup, and the* wire's led up betwe'cn the* 
inner and the outer cup, and be'nt e>ver the' edge of the outer cup. 
The upper part of the inne'r e*up was fille'el with water te> a suflk'ient 
depth to completely cover the' iodine. The' oute'r cup was filled with 
Nujol, which covcreel the iexline anel water in the inne'r e*up. (dnnee- 
tions were made as usual to an insulating plug, this time erne' of the* 
old single-terminal plugs. The' e)bje*ct e>f the deuible arrange'im'nt e>f 
cups was to keep the ioeline Irene cemtaot with the oil, anel to ke'cp the* 
water from contact with the insulating plug anel any part e>f the leaels, 
which woulel otherwise have be'em short e'imiitt'el. The arrange'me'iit 
was not satisfactory, for the* glass cracked around the platinum h'ads 
under pressure, allowing a slight amount of iexline' to go into solution 
in the oil, and furthc'rmorc, because of unequal compressibility e>f the* 
glass and iodine, some water crept; between the surface erf the glass 
and the iodine, thus making a short circuit possible'. The iexline 
further dissolved to some extent in the water under pressure', anel 
from the water it again diffuseel inte> the surrounding e>il, se> that there 
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was a second possibility of short circuit. The initial resistance of the 
arrangement was of the order of one megohm. Pressure was not 
pushed higher than S000 kg., in order not to freeze the water. At this 
pressure the resistance had dropped to 35000 ohms. There were large 
polarization effects, and on releasing pressure the resistance did not 
recover its initial high value. 

These experiments can only justify the conclusion, therefore, that 
under high pressure iodine does not at any rate become metallic in 
its conductivity, but the specific resistance remains high. It is quite 
possible that the relative resistance may suffer large changes, but the 
probability is small that the change of relative resistance is as high 
as it is for black phosphorus. 

The iodine used for this experiment was Kahlbaum’s, previously 
dried in vacuum. The platinum electrodes were approximately 
1 cm 2 each in area, and 3 mm. distance from each other. These 
dimensions, together with the value of the minimum resistance 
recorded above, allow a minimum value to be set for the specific 
resistance at 8000 kg. of about 100,000 ohms per cm. cube. The 
correct value is doubtless many fold greater. The specific resistance 
of iodine under ordinary conditions seems too much affected by 
impurities to allow of its accurate determination, and I have not been 
able to find a value anywhere recorded. 

“ Chromel A.” This is an alloy for high temperature resistance 
units essentially similar to the alloys known more familiarly under the 
name of “ Nichrome.” “ Chromel A” is made by the Hoskins Co. of 
Detroit, and has the composition 80% nickel and 20% chromium. It 
was furnished by the manufacturer in the form of a wire 0.005 inches 
diameter, and was double silk covered by the New England Electrical 
Works. I wound it for these measurements into a coreless toroid of 
118 ohms resistance at 0°. It was seasoned for the measurements by 
keeping it at 135° for four hours, and by a preliminary application of 
2000 kg. 

The effect of pressure is in the normal direction, that is, the resist¬ 
ance decreases with increasing pressure, but the effect is very small, 
smaller than any which I have previously found. The maximum dis¬ 
placement of the slider of the Carey Foster bridge was 4 cm., so that 
the sensitiveness of the measurements was not greater than one part 
in 400. Within the limits of error the relation between pressure and 
resistance is linear to a maximum pressure of 12000 kg. At 0° the 
two points at the highest pressures were irregular, probably because 
of viscosity in the transmitting medium, and at 90° there were hystere¬ 
sis effects amounting to 4% of the total pressure effect. 
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At 0° the pressure ooellicient um <UU5h mid at Un U.UJ;;7, 
The temperature coefficient between U and 9U ua (MHHMfi:;. 

“Chromel B." This alloy is much similar m “ < hr*»m**| A.” U 
is made by the same concern, and Ita ■ a eompo u mu <*f s.X f nickel ami 
15% chromium. Like the previous malarial if \\a furnished in the 
form of wire 0.005 inches in diameter, ami w a > double <*n\ **red with 
silk insulation by the New Midland Fleet Heal Work .. If ua, aha) 
wound into a coreless toroid of approximately 100 ohm . re finance at 
0°. It was seasoned! for temperature at the nine time a > the " ( liromel 
A” by four hours at IfifL, Imt wits in addition ra >>ned for pressure 
by a single application of 120(H) kg. at room tempera! tire, and a single 
application of 2000 kg, after mounting ready for the men .nrement ,. 

The general character of the results L the atiir a . for ** < Itromel A, M 
The coefficient is not, quite so small, anti I lie re xdf * were considerably 
more regular. This was in part due to the ehoiee of n le m \ Leons 
transmitting medium. The relation between preotire and resistance 
is linear within the limits of error. Two aerie* of mrn mremeum were 
made, at 0° and 95°, to a maximum pressure of 120(H) kg, At 0 1 the 
maximum departure of any single reading from the linear relation was 
1.5% of the maximum effort, and at 9o it wim Ltd t k except for the 
zero, which showed a displacement of ;k,V \ . 

At 0° the average pressure eoeflieient worn 0 0,95s, ami at 95 ’ 
— 0.0 6 1G9. The average' temperature coefficient of refinance at 
atmospheric pressure' between 0“ and 95 ' \\m O.OOUiM’J. 

Chiiomfl ( . I Ids alloy* is ulw » intended for high resistance 
heating units. It is made* also by the l Inskins ( o,, I * 11 1 unlike (hromel 
A and B contains some* iron in addition to nickel am! chromium. The 
exact composition is Fe 25%, Ni i\\* ;, and <V 11%. The wire was 
0.00o inches in diame*te*r, double* silk eoxered, and wound info a cure¬ 
less toroid of such dimensions as to ha\e ni ft a red Unnee of ITS ohms. 

It w r as seasoned by erne preliminary application of 1 2000 kg., and after 
connecting te> the pre*ssure* apparatus by three application'* of 2000 kg. 
Measurements we*re maele* on the* < urey Foster bridge, it, natal with 
materials of high r(*sistane*e*. 


Three runs were made, at 0", T'J1 , and d.'. ss . The \nriati.m 
of resistance is not, throughout linear with ptw.ure and temperature, 
but shows departures in abnormal direction,. The departure, from 
linearity do not run uniformly, M( that it wu, not po.Sble from the 
three series <>f readings to construct a table of re i ,tuner which could 
be used by interpolation to obtain the re Stance to the limit ofnecu- 
racy at any temperature and pre-cure within the ranee. Thi, tdlov 
would merit further study for i„ own al.c. hut mi elaborate itneui- 



134 


BRIDGMAN. 


gation did not fall within the present program, and the results are 
given as found. 

At 0° the relation between pressure and resistance is linear within 
the limits of error. The maximum departure of any point from the 
linear relation was 0.3% of the total pressure effect, and the departures 
from linearity were distributed at random. The average pressure- 
coefficient of resistance between 0 and 12000 kg. w r as — 0.0 6 4272. 

At 52.24° the relation between pressure and resistance was again 
linear within the limits of error, but there was sensible hysteresis. 
The maximum width of the hysteresis loop was 1% of the total effect. 
The ascending and descending points all lay smoothly on their respec¬ 
tive branches of the hysteresis loop without departures of more than 
0.06% of the effect. The average pressure coefficient between 0 and 
12000 kg. was — 0.0 fi 4l94, less than the value at 0°. 

At 95.88° the relation between pressure and resistance was sensibly 
not linear, but could be represented within the limits of error by a 
second degree curve. The maximum departure of any observed point 
from the second degree curve was 0.35% of the maximum effect. The 
departure from linearity is in the abnormal direction, that is, the 
average coefficient between 0 and 6000 is less numerically than the 
average coefficient between 0 and 12000 kg. The average coefficient 
0 .to 12000 was — 0.0 g 4488, and that between 0 and (>000 was 
— 0.0g4372. It is to be noticed that somew r herc between 0° and 100° 
the pressure coefficient of resistance has passed through a minimum. 

The temperature coefficient of resistance at atmospheric pressure is 
normal in being positive, but the direction of curvature is abnormal. 
The average coefficient between 0° and 52° is 0.001076, and between 
0° and 96° 0.001030. 

“ Comet” Alloy. This is an alloy of the following composition: 


Cr 

1.7S% 

Ni 

31-32% 

C 

.20~.2f>% 

Si 

.2(K2f,% 

Mn 

1.8-2.0% 

P and S 

very low 

Fe 

balance 


It is made by the Electrical Alloy Co. and was furnished by them in 
the form of wire 0.005 inches in diameter, and doubly covered with 
silk insulation. It was wound for the measurements into a coreless 
toroid of 283 ohms resistance at 0°. Readings were made on the- 
Carey Foster bridge in the usual way at 0°, 51.22°, and 95.32°. 



ELECTRIC U, KRMM wt i i MU U VI \ • < ■ f 

The wire was seasoned In a ptvliminar; appl ' 1 * ltM * '* ; 

room temperature, mtd after ■ oldrrinV tI, ... >■!..' m m 
additional tipi»lu-ation< <>l - lH «> ! V :,t -■* 

seasoning was adequate SSmu n ip th. la, > m...j v , 

perceptibleelunige of ww after the hr ( < •„ ... ■ -«-* 

The readings showed a -auall but <ii tun t b; ! * 1 ■ 

the higher temperatures. At U the width nt th> I* lk * 1 1 11 

total pressure ell'eet, at r.l 0..V , of t!,.- rib • t, ,.ml ,u •• • _* 
55 ° there was a displacement of the •/.•r.. :»»«••» th. i ni, ,-t 

equal to the width of die h\ Urtv.i. h,,,p \i th. .oh. ■ •• 

there was no perceptible change oi /.to 

The results were computed in the u ti.il «.. . .uid e 1 
Table XVIII, and Figure l'J. Tbi. aihp i imu u .,1 m >■ 


TUU.K Will 

"< \»\n i ‘ \11 *n 



sure coefficient of resistance heroines J«*nt ih« lu t T» i u mp* u' 
although the resistance it*elf heroine, ^rmfi i 1 hr- l.rbav-i 
normal in that the pressure roetlirient heron** h a? i h» h.d"'. 
pressures at constant temperature. Tin* rrhtf mu h»**.w*n pv <>.* 
and resistance becomes more near!) linear a! tin- i »« mj.« f.ntia ■, 
which would he unusual for a purr met at. 

“Therlo.” This is an alien much Him tmmiidum in if u* , 

made by the I )riv<T Harris ( o. The rompn .ifion < h ^ , \ t o i < 

A12%. It has been uses! in the high prevail** \oit L m i!« t»« >*ph ^ nl 
Laboratory as a substitute for nmngnnin in buds pi* -air* ^a?j r ;< 
The sample on which I made men niivmimt > \ui , tt i mi;* ,j*rh» 
diameter, double silk cmereth and u mind inf** a * mu !»■ n*i ,,j<! »4 A 
resistance at 0° of 127 ohms. Thi , u-n unuh th, t , tai... ..J 
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the manganin pressure gauge, so that a very aeeurate comparison of 
the pressure coefficients of manganin and Therlo could he made by 
plotting on a, large scab' the difference of the readings with the two 
alloys. The Therlo was seasoned by one application of 12000 kg. at 
room temperature, and after soldering to the insulating plug, by four 
additional applications of 2000 kg. 

Three runs were made, at 0°, 51 .05°, and 94.«S0°. The variations 
with temperature were so slight that the readings could he reduced to 
regular temperature intervals hy an interpolation or extrapolation so 
short that then 4 was no possibility of error. The resistanee of this 
sample of Therlo did not vary quite linearly with pressure, that is, 



0° 20“ 40“ 60“ 80- 100“ 

Temperature 



Comet 

FiomiE 12. Results for the measured resistance of Comet alloy. The 
deviations from linearity are given as fractions of the resistance at 0 kg. and 
0°C. The pressure coefficient is the average coefficient between 0 and 12000 kg. 


it did not vary linearly with the manganin. (The manganin was 
originally calibrated against an absolute gauge and found linear within 
0.1%). The deviations from linearity of the Therlo are greatest at 
the lower pressures and are not symmetrical. 

At 0° the maximum departure of any single observed point from a 
smooth curve was 0.09% of the total pressure effect, at 51° 0.14%, and 
at 95° 0.05%. 

The results have been computed in the regular way, and are exhib¬ 
ited in Table XIX gnd Figure 13. The method of representation is 
the same as that used in the preceding paper on resistance under 
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TABLE XIX. 
“TllERLO.” 


Temp. 

°C. 

Resistance 

P 

At 0 kf>. 

'assure ('oellieienl 

Average 

Af 1201)1) 0—1201 >0 

Maximum 

I >evinl ion 
from 
Linearity 

Pressure 

of 

Maximum 

I ><*v iat ion 

0 

1.00000 

+0.0:,2301 

+0.0:,2273 

+0.0-.22S3 

.000112 

•1000 

,50 

1.00120 

23 SO 

23 IS 

230S 

l 12 

•1500 

100 

1.00104 

2307 

2320 

2323 

S3 

5000 



The* lo 

Figure 13. Results for the measured resistance of Therlo alloy The 
2??? atl S5 s from linoarit y ar( ' given as fractions of the resistance at 0 ’kjr and 
? 0 XAt lh ° prcssure coefricuont, is the average coefficient between o'awl 


pressure. It will be noticed that tbe average pressure coefficient shows 
greater variation with temperature than does that of manganin, and the 
variations are in fact greater than the variations of resistance itself. 
The resistance passes through a maximum in the neighborhood of 7f>°, 
the ^increase between 0° and 75° being 0.120%, and between 0° and 
100° 0.104%, whereas the average pressure coefficient; continues to 
increase oyer the entire range between 0° and 100°. The instantane¬ 
ous coefficient at 0 kg., however, passes through a maximum between 
0 and 100°. 

“#193 Alloy.” This is an alloy containing Fe <>X%, Ni ;}()%, and 
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< V 2[ (, made by the Driver Harris (A. for use in heating units. I was 
interested in the pressure and temperature coefficients because I had 
used it as the capillary for containing liquid lithium. The accuracy 
required in the eoeilieients was not high, so that measurements of the 
pressure coefficient at only one temperature and of the temperature 
coefficient between only two temperatures were sudieient. 

The specimen was in the form of a capillary 0.045 inches outside 
diameter, and 0.032 inches inside diameter, about (> cm. long. The 
resistance was too low to be measured by the Carey Foster method, 
and accordingly the potentiometer was used, as with other metals of 
low resistance. The temperature of the pressure readings was 94.2°. 
At this temperature the resistance decreases with increasing pressure, 
the relation is linear within the limits of error, and the average coeffi¬ 
cient between 0 and 12000 kg. is — 0.0&1790. Except for a single bad 
point, the maximum departure of any reading from the linear relation 
was 0.7% of the total eltect, and the arithmetic mean of all the depar¬ 
tures was 0.25%. 

The average temperature coedicient of resistance at atmospheric 
pressure between 0° and 94° was 0.000084. 


General Survey of Results. 

We have in the first place to inquire whether these new results for 
elements somewhat unusual in their properties are the same in char¬ 
acter as those previously obtained for the more common elements. 
In discussing the new data it will be convenient to discuss separately 
metals in the solid and liquid state, and also metals with positive or 
negative pressure coefficients of resistance. The previous results were 
almost entirely for solid metals; measurements for only one liquid 
metal, mercury, had been made at that time. Furthermore, the 
pressure coefficient of all solids, except bismuth and antimony, was 
negative. In the following a solid or liquid is called normal if its 
pressure coefficient of resistance is negative. The alloys will require 
separate discussion. 

Normal Solids. The normal solids embraced in the present series 
of measurements are Na, K, Mg, Hg, Ga, Ti, Zr, As, W, La, Nd, Si, 
and black phosphorus. The special interest of these measurements 
attaches to those substances with large coefficients. Many of the 
above list do not belong in this category, and may be dismissed with a 
few words. 
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Mg and W were measured in the previous paper. Except for the 
improvement in the numerical values afforded by the new measure¬ 
ments, these substances require no further discussion. It is to be 
noticed that the revised values of the pressure coefficient are in such 
a direction as to make the pressure coefficients of atomic amplitude 
and resistance even more divergent than was found previously. 1 

La and Nd are the first metals of the rare earth group whose pres¬ 
sure coefficients of resistance have been measured. The coefficients 
of both these substances are not distinguished in any particular way 
over those of the elements of the previous paper, and do not require 
further discussion. 

Ti and Zr also belong to a class of elements not previously measured. 
There was considerable impurity in these materials, and the results 
have no considerable accuracy. The results are chiefly remarkable 
for the smallness of the coefficients, which are smaller than for any 
other pure substances measured. It is even possible that Ti belongs 
to the abnormal metals, and that its resistance increases with increas¬ 
ing pressure, but the experimental accuracy was not high enough to 
allow this to be stated with certainty. 

Arsenic is a substance which might be expected to show abnormal 
results because of its position in the periodic table, but it is actually 
found to be quite normal both in regard to the sign of the coefficient 
and its magnitude. 

Gallium is another substance for which abnormal results were 
expected because of its anomalous property of expanding on freezing. 
The coefficient is however, normal in sign and magnitude. The accu¬ 
racy of the measurements was not great enough to give the variation 
of the pressure or temperature coefficients over the range open to 
measurement. 

Solid mercury has been here measured for the first time over a 
restricted range. It is quite normal with regard to sign and size of 
the coefficient. 

Silicon and phosphorus are non-metallic in character, and will be 
discussed later. This leaves of the above list of normal metals only 
the alkali metals sodium and potassium as needing special comment 
because of the magnitude of their coefficients. Of the metals previ¬ 
ously studied lead was found to have the greatest coefficient, the resist¬ 
ance under 12000 kg. being 14% less than under atmospheric pressure. 
Contrasted with this is a decrease of over 40% in the resistance of 
sodium and over 70% in that of potassium under a pressure of 12000 
kg. The question is whether substances with such high coefficients 
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show any change in the usual types of behavior formerly found. 
The principle facts found before for normal metals were: ( 1 ) The 
pressure coefficient is little affected by temperature, ( 2 ) The tempera¬ 
ture eoeflieient is little affected by pressure within the range, and ( 3 ) 
the instantaneous pressure eoeflieient decreases with increasing pres¬ 
sure (the maximum change in the instantaneous coefficient was that 
of lead which changed about 30% under 12000 kg.). 

Sodium and potassium show no such constancy of behavior, as 
might be expected from the high values of their compressibilities and 
pressure coefficients of resistance. Thus for sodium the values of 


the instantaneous pressure coefficients 


1 

w 


dw 

PlK 


at 0 ° at 0 , 6000, 


and 12000 kg. respectively are —O.O 4 OO 3 , 0.0 4 435, and O.O 42 OS, a total 
decrease by a factor of 2.49. At 80° the corresponding coefficients 
are — 0 . 04786 , O.O 44 OO, and 0 . 04307 , a total decrease by a factor 
of 2.56. This is a little larger than the factor of decrease at 0 °, which 
is what one would expect. A comparison of corresponding pressure 
coefficients at 0 ° and 80° shows the pressure coefficient of sodium is 
by no means independent of temperature, but the change in the 
pressure coefficient with temperature is less than the change in resist¬ 
ance itself. The mean temperature coefficient of resistance may 
also be found from the table of resistance of sodium, and is 0.00475 
at 0 kg., and 0.00408 at 12000 kg. The relative change is much larger 
than that found previously for any of the other metals, but still is not 
large compared with the variations of the pressure coefficient over 
the same range of pressure. 

The same sort of phenomena are seen to characterize potassium, 
although the coefficients are not known over so wide a range as are 
those of sodium. At 25° the instantaneous pressure coefficients of 
resistance at 0, 6000, and 12000 kg. respectively are O.O 3 IS 6 , 0 . 04955 , 
and 0.0 4 71, a decrease by a factor of 2.62. At 95 ° the pressure coeffi¬ 
cients at 6000 and 12000 kg. are 0.0 3 1024 and 0.0 4 885, and at 165° 
the coefficient at 12000 kg. is 0.0 3 1027. The pressure coefficient 
therefore increases markedly with increasing temperature. The mean 
temperature coefficients between 25° and 60° at 0, 6000, and 12000 kg. 
respectively are 0.00454, 0.00341, and 0.00184. The decrease is 
relatively much larger than for sodium, and is nearly as large as the 
relative decrease in the pressure coefficient over the same range. 

The alkali metals sodium and potassium differ, therefore, in the 
following particulars from the metals previously measured. The 
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instantaneous pressure coefficient increases with rising temperature 
and decreases with rising pressure by amounts which, for the range 
of this work, may amount to a factor between 2 and 3. The'tem¬ 
perature coefficient of resistance decreases with increasing pressure 
by very perceptible amounts, and decreases much more for potassium 
than sodium. 

The decrease in temperature coefficient at the higher pressures 
is especially significant. One might perhaps expect that at higher 
pressures the metal would be compressed into an approach toward its 
behavior at 0° Abs under atmospheric pressure, since the volume 
may be reduced by pressure to less than its value at 0° Abs. Now as 
the absolute zero is approached at atmospheric pressure the tempera¬ 
ture coefficient of resistance becomes much greater than the reciprocal 
of the absolute temperature; this is the exact opposite of the behavior 
found above at high pressures, the temperature coefficient becoming 
less. The effect of increasing pressure is seen to be merely that of 
making the part played by temperature of less and less relative import¬ 
ance, which is after all not unnatural from a certain point of view. 
In the absence of specific information to the contrary it is natural to 
connect the unusual behavior of sodium and potassium with the large 
change of volume, and to expect that other metals will show the same 
sort of behavior under correspondingly increased pressures. 

The non-metals Si and P would not be expected to agree in behavior 
with the metals, but it is interesting, nevertheless, to summarize their 
behavior. The magnitude of the mean coefficient of Si is about the 
same as that of lead. The coefficient may increase very largely with 
increasing temperature, however, and also may apparently increase 
with increasing pressure. This is quite contrary to expectations, 
and would seem to indicate an approach to some sort of instability 
at high pressures; perhaps as the atoms are pushed more closely 
together there is an approach to metallic conductivity. The varia¬ 
tions of the temperature coefficient of silicon are also abnormal. 
Initially the coefficient is normal in sign, but small numerically; as 
pressure is increased it reverses in sign. This reversal in sign of the 
temperature coefficient, unlike the behavior of the pressure coefficient, 
does not indicate an approach to metallic conductivity. Too great 
weight should not be attached to these results, because the silicon was 
impure. However, it is evident that there are some interesting possi¬ 
bilities here, and the measurements should be repeated when it is 
possible to obtain purer material. 

Black phosphorus is remarkable for the great magnitude of the 
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coefficient, the resistance decreasing to only 2% of its initial value 
under 120000 kg. In spite of this abnormally large eifeet, the relative 
variation with pressure of the pressure coefficient is much less than 
that of sodium or potassium. The figure's have already been given. 
There is a reversal of behavior with rising temperature. At 0° and 
50° the instantaneous pressure coefficient, increase's with rising pres¬ 
sure', whie'h is iu>t what we' we mid expert, but at 100° the coefficient 
falls with rising pressure. The temperature (‘eefficiemt of black phos¬ 
phorus is abimnnal in sign, being negative. The ('(efficient decreases 
numerically with rising pressure, at first: slevwly, but more and more 
rapielly. From the v table evf resistance it may be found that the mean 
temperature' coefficient between 0° and 100° are — 0.00579, 554, and 
299 at 0, (i()00, and 12000 kg. respe'e'tive'ly. The readings at the 
higher pressures are not so accurate as the othe'rs, so that possibly 
the rate of fall of the' coe'ffieiemt at high pressures may be too rapid. 

Abnormal solid, s*. Previously theme were' nu'asure'memts on only 
two abnormal solids, bismuth and antimony. The' re'suits for anti¬ 
mony were nert sufficiently ncemrate to show the v variation of pressure 
coefficient with pressure',, but exempt for this the' two metals agreed 
in that the pressure' coe'ffieiemt incre'ases with increasing pressure and 
falls with increasing temperature, and the' teanpeTature coefficient 
falls with ine'reasing ])ressure'. 

The instantane'ous pressure coe'ffieiemt of lithium incre'ases with 
rising pressure', having the following values at 0, 0000, and 12000 kg. 
respectively; O.OffiX, 0.0J4, and 0.0&790. The accuracy e>f the 
measurements was not sufficient to establish variations e>f pressure 
coe'fficient with teanpeTature, or of temperature coefficient with pres¬ 
sure' within the range. So far as the results are' certain, however, 
the behavior of Li is like' that of Hi and Sb. 

For calcium the' following values may be' found from the table of 
resistance. The instantane'ous pressure coeilicients at 0° have at 0, 
G000; and 12000 kg. the respective' values O.O.ilOO, O.O.i 121, and O.O.ddh. 
The corresponding values at 100° are 0.0 r ,92, 0.0 4 i()7, and ().0 4 l 19. 
The pressure coefficient there'fore ine*re v ases with incre'asing pressure, 
and decreases with rising tempe'rature. The average temperature 
coefficients of resistance between 0° anel 25° arc 0.00299, 0.00291, and 
0.00281 at 0, 0000, and 12000 kg. respeetiveiy, thus decreasing with 
rising pressure. Within the limits of ('rre)r the temperature coeificiemts 
between 75° and 100° are the same as between 0° and 25°. It would be 
normal for the temperature coefficients to decrease with rising tem¬ 
perature. In all particulars of comparison, therefore, Ca is like Bi 
and Sb. 
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The pressure coefficient of strontium is abnormal. At 0° the in¬ 
stantaneous coefficient varies onl t \* little with increasing pressure, but 
what change there is is a decrease, which is abnormal. The range 
of values is from 0.04503 to 0.04492. At 50° the pressure coefficient 
at first increases with rising pressure, which is what we have come to 
regard as normal for this type of substances, but between 2000 and 
3000 kg. passes through a flat maximum, and from there on decreases. 
The range is from 0.04409 to 0.04451. At 100° the behavior is like 
that at 50° except that the maximum with pressure is very much more 
pronounced, and the maximum occurs at 7000 kg. At 100° the initial 
value of the instantaneous coefficient is 0.0.1351, the maximum at 7000 
is 0.0 4 452, and at 12000 kg. it has dropped to 0.() 4 432. There is, 
however, nothing abnormal in the temperature coefficient,. The 
average temperature coefficients between 0° and 100° are 0.003S3, 
0.00311, and 0.00275 at 0, 0000, and 12000 kg. respectively. In 
respect therefore to the variation of pressure coefficient with tempera¬ 
ture and temperature coefficient with pressure strontium is like the 
other metals with positive coefficient,, but, the variation of pressure 
coefficient with pressure is like that of the others over only a part of 
the range. It is to be remarked that the absolute value of the pres¬ 
sure coefficient of strontium is much higher than that of any other 
metal. 

Summarizing, the behavior of the five abnormal metals, with the 
exception of the pressure variation of the pressure coefficient, of stron¬ 
tium, is alike in that the instantaneous pressure coefficient increases 
with rising pressure and decreases with rising temperature, and the 
temperature coefficient falls with rising pressure. 

Carbon, in the form of graphite, is the only other element, at present 
known with a positive pressure coefficient of resistance. Since it is 
not metallic, comparisons are unprofitable. Furthermore, it was 
not possible to obtain results that were numerically reproducible. 
It may be worth mentioning, however, that; graphite is like the metals 
above in that the pressure coefficient decreases with increasing tem¬ 
perature, but, that it is different in that, the pressure coefficient is very 
much less at the higher pressures. 

Normal Liquid#. The only liquid metal previously measured was 
mercury. It was found for it that the instantaneous pressure coeffi¬ 
cient decreases with rising pressure and increases with rising tempera¬ 
ture, and that the temperature coefficient decreases ■with rising 
pressure and rising temperature. The behavior is in all respects 
that which appeals to us as normal. It, is worth while to give the 
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The measurements on liquid sodium did not cover so wide a range 
as those on liquid mercury, but within the range they show the same 
characteristics. At 200° the instantaneous pressure coefficients at 
0, 0000, and 12000 kg. respectively are 0.0 4 022, 0.0 4 r>94, and 0.0 4 396. 
'The relative decrease witli rising pressure is considerably greater than 
is the case with mercury, anti furthermore, the coefficient itself is 
considerably greater. The mean temperature coefficient between 1S0 C 
-and 200° is 0.00325 at 0 kg., and 0.00244 at 12000 kg. This decrease 
is relatively not so large as that of mercury, although the coefficient 
itself is larger. 

Potassium, was liquid over a still smaller range than sodium, so thal 
it is not possible to give as complete results. The instantaneous 
pressure coefficient decreases with rising pressure, the values at 165‘ 
being 0.000168 and 0.000136 at 0 and 0000 kg. respectively. Th< 
average temperature coefficient between 135° and 105° increase 
from 0.00322 at 0 kg. to 0.00463 at 5000 kg., which is the reverse o 
the behavior of liquid sodium and mercury. The variation witl 
temperature of the pressure coefficient is also abnormal. The initia 
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pressure coefficient of the liquid at (52.5° is 0.0 a 2(), and at 105° this 
has dropped to O.O 3 I 7 . 

Liquid gallium shows a rather large decrease of the instantaneous 
pressure coefficient with rising pressure. At 20° the values of the 
coefficient at 0, 6000, and 12000 kg. respectively are 0.04)10, 0.0 r ,525, 
and O.Os-lOO. At 100° the corresponding values are 024, All, and 491. 
The effect of temperature on the pressure coefficient is therefore 
relatively slight; at the lower pressures the coefficient d(‘creases with 
rising temperature, and at the higher pressures it decreases. The 
’mean temperature coefficient of resistance between 20° and 100° 
changes relatively little, being 0.000S15, S29, and SOS at 0, 6000, and 
12000 kg. respectively. Compared with sodium and potassium the 
changes of all the coefficients of gallium are relatively small. If is 
to be remarked also that the pressure coefficient, of gallium is of the 
same order of magnitude as that of many solid metals; wo have come 
to expect relatively slight variations of the coefficients of those sub¬ 
stances with small coefficients. 

Liquid bismuth was measured over only part of its region of stability, 
so that again complete results are not at hand. At 275° the instan¬ 
taneous pressure coefficient drops from 0.0.422 at 0 kg. to 0.0,444 at 
6000 kg., and at 240° the coefficient, is 0.0442 at 0000 kg., and 0.0 ^KO 
at 12000. The temperature coefficient of resistance at 275° drops 
from 0.00047 at 0 kg. to 0.000152 at 6000 kg. Liquid bismuth is 
therefore entirely normal in all respects, that, is, a falling pressure 
coefficient with rising pressure and falling temperature, and a falling 
temperature coefficient with rising pressure. This complete normal¬ 
ity is in spite of the fact that solid bismuth is abnormal in having a 
positive pressure coefficient. The presumption is therefore very 
strong that the abnormality of the solid is mainly duo to the crystal¬ 
line structure. It is known of course that, bismuth crystallizes in the 
hexagonal system which is not normal, nearly all the elements being 
cubic. 

Summarizing, except for potassium, the behavior of all these liquid 
metals is of the same type; the pressure coefficient decreases with 
rising pressure and increases with rising temperature, and the tem¬ 
perature coefficient decreases with rising pressure. 

Abnormal Liquid#. Only one abnormal liquid, that is, a liquid 
with a positive pressure coefficient of resistance, is known, liquid 
lithium. For this the relation between pressure and resistance was 
linear within the limits of error and the coefficient was independent of 
temperature between 200° and 240°. A linear relation between 
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particular substance, which does not change greatly as pressure and 
temperature are changed along the melting curve. We now have the 
figures for the ratio of the resistance of solid to liquid for six metals at 
different pressures and temperatures. For lithium the accuracy was 
not high enough to permit more than the statement that the ratio does 
not change greatly in a pressure range of 8000 kg. For sodium the 
ratio is 1.45 at atmospheric pressure, and has dropped to *1.36 on the 
melting curve at 12000 kg. The difference of volume between solid 
and liquid has dropped to half its initial value in the same pressure 
range, so that the ratio of resistances is evidently more constant than 
the difference of volume. For potassium the ratio of resistance of 
liquid to solid is 1.56 at 0 kg., and has dropped only to 1.55 at 9700 kg. 
Contrasted with this almost negligible change in the ratio of the 
resistances is a decrease under 9700 kg. of the difference of volume 
between solid and liquid to 0.31 of its initial value. For mercury, 
I determined the ratio of resistance of liquid to solid at the melting 
point at 0° and 7640 kg. to be 3.345. I did not make measurements 
at any other temperature but there are values by other observers. 
Onnes 25 finds 4.22, Bouty and Cailletet 26 4.08, and Weber 27 gives 
3.8 as the mean of six determinations, all for the ratio at the freezing 
point at atmospheric pressure. The error is so large that it is not 
possible to say more than that the change in the ratio along the melt¬ 
ing curve is not large, and is in the direction of a decrease with increas¬ 
ing pressure. The change is probably greater than the change in the 
difference of volume between solid and liquid, which is abnormally 
constant for mercury, there being a decrease in the difference of only 
1% over the pressure range of 7640 kg. The change in the resistance 
of the liquid over this range is, however, 19%, which is probably larger 
than the change in the ratio of the resistance of liquid to solid. 

The behavior of the two abnormal metals gallium and bismuth is 
similar. At 7000 kg. I found the ratio of the resistance of liquid to 
solid bismuth to be 0.45, and at atmospheric pressure Northrup and 
Sherwood 16 found 0.43. The ratio is probably constant within the 
limits of error. For Gallium I found 0.58 for the ratio at atmos¬ 
pheric pressure, and calculated the value at 12000 kg. to be 0.61. 
This again is perhaps to be regarded as constant within the limits of 
error, but it is noteworthy that the little variation there is is in the 
same direction for both gallium and bismuth, and is toward an increase 
with rising pressure, whereas what variation there was for normal 
metals was always in the direction of a decrease with rising pressure. 

We now compare the relative magnitudes of the pressure and 
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tnuprrutuiv eitoilioients of solid and liquid. With regard to the tem¬ 
poral mv ouHlieivitt s at atmospheric pressure it has long been known 
that tlu* coetlii'ient of the liquid is less than that of the solid. This 
U \erified for all the metals measured here, except, potassium. 

With regard to the pressure eoeflieient of resistance it is natural 
to expect that of the liquid to be greater than that of the solid at the 
same temperature, lids is true for sodium. At 120° the pressure 
eoellieient of flu* liquid is about 7 V { greater than that of the solid extra- 
polafed to the same temperature. It is however, perhaps surprising 
that the relative change of the pressure coefficient of solid sodium 
brought about by an increase of pressure of 12000 kg. is greater than 
that of the liquid under the same increase of pressure. The relative 
decrease of the temperature eoellieient under 12000 kg. is greater for 
liquid sodium, however, than for the solid. 

The behavior of liquid potassium is not as we would expect. At the 
melting point at atmospheric pressure the pressure 1 eoellieient of liquid 
potassium is greater than that of the solid. Because of the abnormal 
temperature coefficient of the pressure eoellieient of the liquid, how¬ 
ever, the eoellieient of the solid would become greater than that of 
the liquid if the solid could be superheated suflieiently. The relative 
variation with pressure of the pressure eoellieient is greater for the 
solid than the liquid. This again is not what we might expect. The 
data for potassium do not cover a sulhcient range to permit a com¬ 
parison of the variation with pressure 1 of the temperature coefficients 
of solid and liquid. 

The pressure coefficient of solid mercury has been found to be con¬ 
stant over the range from 7640 to 12000 kg. The coefficient of the 
liquid, on the other hand, decreases with rising pressure. It has 
already been mentioned as surprising that the coefficient of the solid 
is greater than that of the liquid at 6500 kg. This difference would 
become still more accentuated if the liquid could be carried in the 
metastable state into the region of stability of the solid; in this range 
its pressure coefficient would be found to vary considerably less than 
that of the solid. The measurements were not accurate enough to 
permit a comparison of the variations of the temperature coefficients 
of the solid and liquid. It is known, however, that at atmospheric 
pressure the temperature coefficient of the solid is normal, while that 
of the liquid is abnormally low even for a liquid. 

The pressure coefficient of solid gallium is of the order of 2.5 less 
than that of the liquid. The coefficient of the solid is independent 
of the pressure, whereas that of the liquid decreases markedly with 
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increasing pressure. Measurements were not made on the variation 
with pressure of the temperature coefficient of the solid. 

Comparison cannot, properly be made between liquid and solid 
bismuth, because the solid is abnormal and the liquid is normal. It 
is interesting, however, that numerically the coefficient, of the solid is 
greater than that of the liquid. This may mean that, some of the 
tendency to abnormality still persists in the liquid, making its coeffi¬ 
cient lower than it would otherwise be. 

Lithium is abnormal in both liquid and solid. If the data for the 
solid are extrapolated from 100° to the melting temperature at ISO 0 
the figures given would indicate a pressure coefficient of the solid 
numerically less than that, of the liquid. The difference would be still 
further accentuated if the unknown correction for the compressibility 
of the solid is applied so as to make the coefficients of both solid and 
liquid the coefficients of specific resistance. Although the coefficient 
of the liquid is greater than that of the solid, its variation with pres¬ 
sure is much less, and in fact is opposite in sign, the coefficient of the 
liquid becoming smaller at higher pressures, and the coefficient of the 
solid becoming greater. The temperature coefficient, of liquid lithium 
is independent of pressure to 12000 kg., as is that of the solid also. 

Summarizing the relations between the coefficients of the liquid 
and the solid, except for the temperature coefficient of the liquid being 
less than that of the solid, there does not seem to be a tendency to 
any one type of behavior. It is noteworthy, how r ever, that in many 
cases the resistance of the liquid responds more sluggishly to changes 
of pressure than does that of the solid, the coefficient of the liquid being 
actually less than that of the solid, or else the change of coefficient 
with pressure being less for the liquid. 

Alloys. The above data on alloys are entirely unsystematic and 
fragmentary, so that it is not possible to draw any conclusions as to the 
behavior of alloys in general. It is interesting to notice, however, 
that the pressure coefficient of all the alloys, with the exception of 
that of “Comet,” is less numerically than would be computed by the 
law of mixtures from the coefficients of its components, and in the 
case of “Therlo” this tendency to a lower value may go so far as to 
reverse the sign. In making this statement I have assumed that the 
pressure coefficient of pure Chromium and Manganese is negative, 
a conclusion which has not been checked by experiment, but which 
seems very probable from the behavior of similar metals. 
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T1IKO It KT H ’ A L B K A KIN <iK. 

Since the purpose of this paper is primarily the presentation of 
new data, I eannot idoit than touch on two matters of theoretical 
interest suggested hy considerations of the previous papers. 

It has been known for some time that the temperature coefficient 
at constant volume of liquid mercury is negative instead of positive, 
as is the eoeflieient at constant pressure. In my previous theoretical 
paper 22 I suggested reasons for this. It is now of interest to find 
whether the other liquid metals have the same property. 

The coefficient of resistance at constant volume is given by the 
relation 

(°'\ 

/<be\ _ /cbr\ ^ /0w\ \(h/p 

\dr / „ \(h/p \()p/r?d A 

VWr 

Hence in addition to the pressure and temperature coefficients of 
resistance, which have been determined in the present work, values of 
the thermal expansion and compressibility are also needed. These 
have not been determined experimentally for any of the metals above, 
but in some cases an indirect estimate may be made with the help of 
various data from the melting curve. I have previously given an 
estimate of the difference of compressibility and thermal expansion 
between solid and liquid sodium, potassium, and bismuth. 28 With 
these data, the temperature coefficients at constant volume may be 
computed, as is shown in Table XXI. The fundamental data are 


TABLE XXL 

The Temperature Coefficient at Constant, Volume of Liquid Metals at their 

Melting Points. 


Substance 


i (*) 

v \dr }p 

1 / 01 /A 

w \dp)r 

1 / 0 ,A 

iv \dr J p 

i / 0i/A 

iv \dr Jv 

Sodium 

- 0 . 0*180 

4 - 0 . 0*344 

-O.O 4 S 8 

4 - 0.00325 

4 - 0.00170 

Potassium 

— 0 . 0*358 

. 0*340 

— 0 . 0*204 

0.0044 

4 - 0.0025 

Bismuth 

- 0.0532 (?) 

. 0 3 12 (?) 

-O.O 4 I 2 

0.000475 

4 - 0.045 
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•exceedingly uncertain, because in addition to the uncertainties in the 
differences of compressibility and thermal expansion between solid 
and liquid, the compressibilities and thermal expansions of the solids 
themselves at the melting points are in doubt., the actual measurements 
having been made in most cases only at room temperature. I have 
had to guess what the temperature variation of the compressibility 
might be. However, the uncertainty cannot be so largo as to change 
the sign of the effect for sodium and potassium, for which there can be 
no doubt that the temperature coefficient at constant volumes as well 
as the coefficient at constant pressure, is positive. This is the reverse 
of the behavior of mercury. The data for bismuth are in much more 
doubt, however. Assuming the figures shown, the coefficient at 
constant volume is also positives but the unot'rtainty is so great that 
the sign might well be negatives 

The coefficient at e*onstant vmlume' e>f liquid lithium is e>f courses 
positive, since the pressure' eocflmiemt at cemstant. temperature' is 
abnormal in being positives The' elata are' not. at presemt. known for 
gallium, se> that it is not. pe>ssible' to make' any sort of an estimate' 
as to the probable' value' of its coefficient at. e*e)nstant. volume'. 

The outcome' of this investigation, tImre‘long lor the'only two me'tals 
for which the results can be' sure', is to ivwrse' the* ix'havior previously 
found for liquiel me'rcury. In this connection it is to be' remarked 
that the temperature' eeeffieient. at, eonstant. pressure' of liquid me'rcury 
is abnormal in be'ing wry low, and the' corresponding e*oeffieients e>f 
liquid sexlium a,nd potassium are' abne)rmal in be'ing \ ery high. It. does 
not yet appexir, the'rcfore', what the' probable' value* of the' constant 
volume eex'ffie'ie'iit would be' for the' more' usual me'tals, sue*h as le*ad. 

The secern el point of the'ore'tie-al int<*nst brought out in t lie' prt‘\ ions 
discussion was the* intimate' coiiiKrlion be*!ween 11 u' changes of 
resistance anel the' amplitude' of at.omie* vibration. 22 It appe'are'el that 
the relative <*hang<' e>t resistance', wlctlcr brought ab<>ui by a change' 
of pressure e>r of te'mpe*rature', was approximately espial to (wie*e' the 
relative e*hange' ol amplitude' uueh'r the* same* change*. The relation 
was by ne> nu'ans exact, th(*re‘ be'ing failures by as much as a fae’tor of 
two in some' cases, but on the* average* (he* agreement was rathe*r gooel 
for a large nmnlxT e>f me'tals. The* question is whe'the'i* these* ne*w 
elements alse> show the* same* relation? 

In making the* computation the* fo!leaving formula for the* change* 
of amplituelc with pressure* was uses! 
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where a is atomic' amplitude, and C u specific heat at constant volume 
per unit volume. It is therefore necessary to know the thermal 
expansion and specific heats of the new elements. Unfortunately 
the data are not known for a number of the metals of this work. The 
computation has been mack' for all those normal substances for which 
the data are available, and the results are collected in Table XXII. 


TABLH XXII. 

Comparison of the Changes under Pressure' of Resistance and Amplitude of 

Atomic. Vibration. 


Subntancc 

i fdo\ 
v \dr]p 

Co 

Kg. cm,/cm . 1 

■i 

Ct \dt>jT 

1 /0mA 

M \dpjT 

Solid Na, 20° 

0 . 0,217 

11.1 

-0.() 4 31) 

—O.O. 1 GS 

Liquid Na, (IX 0 

.0,344 

10.(5 

— 0. 04(55 

-O.OiOl 

Solid K, 20° 

.0,288 

(5.88 

— 0.0,7(5 

-0.0,186 

Liquid K, (53° 

. 0,341 

(5.04 

— 0.0,102 

— 0.0,26 

Liquid Hg, 0° 

.o,m 

17.1 

-0.0*211 

-0.0*358 

Arsenic 


2(5.7 

-0.0,12 

-0.0,83 

Magnesium 

,0 4 7S 

17.7 

-0.0,88 

—0.0,48 

Tungsten 

. 0 4 1()1 

27.(5 

-O.O 0 74 

-0.0,143 


In this table are included the recomputed values for Mg and W. 
The best agreement is for liquid bismuth. In nearly all the other 
cases the computed value is much lower than the observed. This is 
a reversal of the behavior shown by the previous substances, for which 
in the majority of cases the computed value was too high. 

The table seems to show no essential difference between a solid 
and a liquid metal as far as the connection with amplitude goes. 

There seems to be no reason to modify the previous conclusion, 
which was that in a large way the changes of amplitude of atomic 
vibration are an exceedingly important factor in affecting changes of 
resistance. Superposed on this large effect common to all metals, 
are specific effects, such as peculiarities of atomic structure or arrange- 
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ment. In particular the factor of atomic arrangement is responsible 
for the difference between a solid and a liquid metal, and may be so 
important in some cases as to control the sign of the effect. 


Summary. 

In this paper results are given for the effect of pressure and tempera¬ 
ture on the resistance of twenty elements and several alloys. Endeavor 
was made to choose elements from unusual places in the periodic 
table, and also to investigate more fully the behavior of liquid metals. 

The resistance of the same metal in the liquid and the solid state 
has now been measured for six elements. The temperature coefficient 
of the liquid is less than that of the solid except for potassium. The 
change of resistance on melting invariably follows the direction of the 
change of volume. The ratio of resistance of liquid to solid is approxi¬ 
mately constant along the melting curve, although the difference of 
volume may change greatly. The pressure coefficient of the liquid is 
in some cases less than that of the solid. Liquid bismuth has a nega¬ 
tive pressure coefficient of resistance, and is normal, but liquid lithium 
has a positive coefficient, and is the only such liquid metal yet found. 
The new liquids do not show a negative temperature coefficient of 
resistance at contant volume, as did liquid mercury. 

The alkali metals sodium and potassium are remarkable for the 
large changes of resistance under pressure. The pressure coefficient 
decreases greatly with increasing pressure, and decreasing temperature. 
The temperature coefficient may decrease greatly with increasing 
pressure. The variations of these coefficients for the metals investi¬ 
gated in the previous paper were always small. 

Three more solid elements have been found with positive pressure 
coefficients of resistance; lithium, calcium, and strontium. Of these 
the pressure coefficient decreases with increasing temperature, the 
temperature coefficient decreases with increasing pressure, and, except 
for strontium, the pressure coefficient increases with increasing pres¬ 
sure. 

Of the non-metallic elements, black phosphorus is remarkable for 
a very large negative coefficient, the resistance under 12000 kg. drop¬ 
ping to only 3% of its initial value; silicon has a negative coefficient 
which becomes numerically larger with increasing pressure, and 
carbon has a negative coefficient in the amorphous state, and a posi¬ 
tive coefficient in the graphitic state, which decreases greatly with 
increasing pressure. 
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The additional evidence from these new materials still gives every 
reason to think that the amplitude of atomic vibration is the largest 
single factor in determining the changes of resistance under pressure 
or temperature. 
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chemical isotopes, also appear to be identical to a very high 
cision, and recently Siegbahn and Stenstrom found no difference # 1Mween 
their emission spectra in what is called the L series of X-rays. 

The object of the research reported in this note has been to investigate the 
X-ray absorption spectra of chemical isotopes. In general each chemical ele¬ 
ment, except perhaps those of low atomic numbers, has several critical ab¬ 
sorption frequencies, one connected with its K series and three connected with 
its L series of X-rays. These critical absorption frequencies mark points in 
the X-ray spectrum where Sharp changes in the absorption of X-rays by 
the chemical element occur. The chemical element absorbs X-rays of higher 
frequency than the critical frequency to a much greater extent than it does 
X-rays of lower frequency. 
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In measuring the critical absorption frequencies of lead isotopes we have 
used the X-ray spectrometer described in the Physical Review for December 
1917, page 624. A calcite crystal reflected the X-rays whose wave-length is 
given by the equation 

X = 2 a sin 0 = 6.056 sin 0 X 10"~ 8 cm. 

(where 0 is the grazing angle of incidence) into an ionization chamber. The 
ionization method of detecting the reflected beam of X-rays is far superior to 
the photographic method, both because, if properly used, it requires no cor¬ 
rection for the penetration of the X-rays into the crystal, and also because it 
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The absorbing screen of lead was placed between the X-ray tube and the 
spectrometer. Professor Richards’ laboratory kindly furnished us with the 
specimens of lead salts. Professor Richards has made accurate measurements 
of the atomic weights of lead isotopes, and the values he obtained for the two 
specimens we used were 207,20 for the ordinary lead and 206.08 for the radio¬ 
active lead. These differ from each other by more than \%. 

In our experiments the X-rays came from a molybdenum target tube of 
the Coolidge type, and a constant difference of potential amounting to about 
36,000 volts drove a current of 2 milliamperes®through it. 

The curves in the figure represent the ionization currents as functions of 
the readings of one of the verniers attached, to the crystal table. 

The three sharp drops in each curve correspond to the three critical ab¬ 
sorption wave-lengths belonging to the L series of X-rays of each specimen of 
lead respectively. To get the grazing angles of incidence to substitute in the 
above formula for the wave-length we measured from the centres of the drops 
to the zero, 291° 55' 40", the value of which has been corrected for eccentricity. 

The values of the wave-lengths, etc., have been collected together in the 
following table. 


ABSORBING SCREEN 

ATOMIC WEIGHT 

X X 10* cm. 

X x 10® CM. 

X X 10 s CM. 

Ordinary lead. 

_ | 

207.20 

206.08 

0.9485 

0.9489 

0.8128 

0.8129 

07.806 

0.7810 

Radioactive lead. 



* The grazing angles of incidence can be estimated to within about 30" of 
arc, which means that the wave-lengths are correct to within about 0.1%. 
Corresponding wave-lengths for the two specimens in the above table do not 
differ from each other by as much as 0.1%, and, therefore, the critical ab¬ 
sorption wave lengths of the isotopes of lead are identical to within the limits 
of error of the experiments. 

The magnitude of the characteristic absorption can be estimated from the 
drops in the curve. These depend, of course, upon the thickness of the ab¬ 
sorbing layer, and its measurement is very much less accurate than that of 
the wave-length. It appears, however, that the relative change of absorption 
at the three critical wave-lengths is about the same for each isotope of lead. 






[Reprinted from the Physical Review, N.S., Vol. XXIV, No. i, July, 1919.] 


ON THE RELATION BETWEEN THE K SERIES AND THE 
L SERIES OF X-RAYS . 1 

By William Duane and Takeo Shimizu. 

Synopsis. —The object has been to measure both the emission and the absorption 
wave-lengths in the K and L-series characteristic of a chemical element (tungsten), 
using the same X-ray spectrometer throughout, to see if general relations among them 
could be found. Graphs have been drawn representing the ionization currents as 
functions of the crystal table angle. The peaks in these graphs corresponding to the 
lines on (strong) and a.2 (medium) appear completely separated from each other, al¬ 
though the difference between their wave-lengths amounts to only 2.2 per cent. There 
is also faint evidence of a third (very weak) line, olz. 

A sharp drop in the absorption graph occurs near the y line in the K-series 
corresponding to the K-critical absorption wave-length, and three sharp drops 
(a strong, a medium and a weak one occur near the L-series, indicating three critical 
absorption wave-length in that series. The critical absorption frequencies calculated 
from these graphs are, for the K-series: v = 1.680 X 10 19 ; and for the L-series, 
vi = .2438 X io 19 (strong), V2 = .2773 X 10 19 (medium), vz — .2917 X io 19 (weak). 

The frequencies calculated from the peaks representing the emission lines are 
vai = 1-437 X io 12 (strong), v a « - 1.405 X to 19 (medium) v a3 = i -39 X io 19 (?) 
(weak). The precision of measurement is such that the probable error amounts to 
less than 1/5 per cent. 

It appears from these data that to within 1/5 per cent, v — v\ — v a \ (strong), 
v — vi — z^n (medium) and v — v 3 — v a _ 3 (weak); in other words each K a emission 
line frequency equals the difference between the K critical absorption frequency and 
one of the L critical absorption frequencies to within the limits of experimental error. 

If this law, that an emission frequency equals the difference between two critical absorp¬ 
tion frequencies applies to all emission lines we must assume critical absorption 
frequencies in the M series, etc. Two critical absorption frequencies lying between 
v = 4 x io 17 and v =5 X io 17 taken together with those mentioned above will 
explain the presence of the /3 line in the K-series and six of the emission lines in the 
L series, etc. 

1 . In the analysis of X-rays about sixteen lines have been found to 
belong to the characteristic spectrum of each chemical element. Usually, 
although illogically, these have been divided into two series, the K series 
and the L series. The K series contains at least four lines, known as the 
a h a 2 , 0 and 7 lines, of which the 7 line has the highest frequency. These 
four lines belong together in the sense that none of them can be produced 
by itself. As we increase the voltage V applied to the X-ray tube none 
of these lines appear in the spectrum until the voltage V reaches the 
value given by the quantum equation 

Ve = hv, 
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where e >s the charge on the electron h Pl-.nl-’ *• 
a frequency at least as high, and possihlv -lil p & ! I™ Constant and 
7 line. When the critical volt-ice h-.'s 1' * 8 ^ f h ' g ler than that of t 
together; and their in,^ ■ • c £^ ^ lines appe 

if the voltage is raised still h^erd the same rat 

The above is not trim nf .m. i • 
are at least two and probably thra^ouit^ Hhie series the 

K T t ;:: 

with the K series. This frequency li<- ) t ,0iptu>n fluency connect 

above that of the r line. Within the" limbs of ^ slightI 

equals the frequency tiro- m „ ,< , , . U U Ls t,f experimental error : 

(■) to the e»ei!of Z etel “>"»* 

In the absorption YpectrTof . T * produce the K ™ 
Broglie found three critical' absorof 1 - 11 '"^ * 10rUmi ’ bismuth and gold D 
element and in the neighborhood of ° f ^ 

respectively to the three I ^ ° &hsorption ^endes belong 

It appears, the^e^T T** °* ^ “ the L series ‘ 
divide the known lines’in the it? *f pe " mentaI evide nce that we may 
four groups, one in the PT • ' ray spectra of a chemical element into 
contJning a critica t I™ 8 T* ^ in the Series, each group 
lines. The lines in each vr^ IOn , requency and about four emission 

the relation between theif freou^ . COn . nected together in some way, but 
cen tnur frequencies is not given by the equation 




’es.ta““aw d ir t hcr ™ T" Wh ° ,e ” Umb<M ' 

groups of lines? Some years tr ^ fe atl ° n between the vari 
between the frequencies of .-a 8 Kossel suggested that the differe 

equal to the frequency of one of the"? ^ ^ the K SGries might 
siderable discussion on this point h^ 8 in the L series ’ and c 
m connection with the theories nf * PPGared ln the literature expeci; 
spectra and of the structure of tho ^ me f hanism of X ' ra y emiss 
this relation cannot be a general relap 01 ”’ ^ If Gvident ’ however - d 
m the L series than in the K series * ’ ** th * re *** many more Hl 

1 See D.L. Webster, Pays. Rev., June fi 

June, 1910, p. kqq , and r, 
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The authors have undertaken the research reported in this paper for 
the purpose of measuring both the absorption and the emission fre¬ 
quencies with the same apparatus, to see if a more general relation 
between the frequencies can be found. 

We have used the X-ray spectrometer previously described , 1 with a 
calcite crystal, the formula for the wave-length X being 

X = 2 a sin 6 = 6.056 X sin 6 X I0“ 8 cm. 

where d is the grazing angle of incidence. The X-rays passed through 
two narrow slits in thick lead blocks before striking the crystal thus 
obviating a large correction for the absorption of the X-rays in the calcite, 
as previously explained (/. c.). The X-ray tubes were of the Coolidge 
type, one of them having a tungsten and the other a molybdenum target . 2 
The currents passing through these came from a high tension transformer 
with a system of condensers and kenotrons attached to it for producing 
approximately a constant difference of potential. 

The curves in Fig. 1 represent the K lines of tungsten in both the 
■ first and second order spectra. The constant difference of potential 
applied to the tube amounted to about 100,000 volts in this experiment. 
The a lines were measured on both sides of the zero line of the spec¬ 
trometer thus obviating a direct determination of the zero point. A 
correction of about 45 " of arc must be subtracted from the double 
grazing angle on account of the excentricity of the spectrometer scale. 

There appears to be a somewhat better definition of the lines on the 
right hand side of the zero line than on the left. Doubtless this is due 
to a slight lack of uniformity in the crystal structure. 

The two a lines on the right hand side appear to be completely .sepa¬ 
rated from each other, even in the first order spectrum. This gives an 
idea of the precision with which the wave-lengths can be estimated, the 
difference between the two a wave-lengths being about 2.2 per cent. 
The position of each peak can be estimated to within 10 " of arc. Since 
the double grazing angles are about 4 0 , this means that the error of meas¬ 
urement is less than 1 part in 1 , 000 , unless the same error is made on 
both sides of the zero line. 

The peaks corresponding to a 2 are somewhat unsymmetrical, the slopes 
on the long wave-length sides being slightly more extended than on the 
short wave-length sides. This lack of symmetry suggests the presence 
of an additional line a 3 (?) close to and on the long wave-length side of a 2 . 
Its wave-length should be about .214 X io ~ 8 cm. To the left of the 

1 Phys. Rev., December, 1917, p. 624. 

2 Dr. W. D. Coolidge kindly sent us these tubes. 
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line appears a sharp drop in the curve. This marks the position of tl 
critical absorption wave-length in the K series. The angular breadth 
the drop about equals that of one of the peaks, namely 2 f of arc, and t 
angle corresponding to the center of the drop was used in calculating t 
critical absorption wave-length. 

In this experiment the rays did not pass through an absorbing sere 



Fig. 1. 

of tungsten outside of the X-ray tube, and the reason why the absorp' 
drop appears in the curve is that we placed the X-ray tube in sue 
position that the rays passing through the spectrometer slits came f 
the target in a direction almost parallel to its surface. Under tl 
conditions, since some of the rays are produced slightly below the sur 
of the target, part of them is absorbed by the surface layers of the ta 
and by any irregularities there may be on the surface. 

We have also measured the critical absorption wave-length in th 
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series using an X-ray tube with a molybdenum target, and placing a 
layer of sodium tungstate between the tube and the spectrometer as an 
absorbing screen. In this way we obtained the following values for the 
wave-length: X = .1786 X io ~ 8 cm. in the first order spectrum, and 
X = .1784 X io -8 cm. in the second order spectrum. 

The critical absorption wave-lengths in the L-series of tungsten were 
measured as follows: 



The curve in Fig. 2 represents the current in the spectrometer’s 
ionization chamber as a function of the readings of one of the verniers 
attached to the crystal table in an experiment in which the X-rays 
came from a molybdenum target and passed through a thin layer of 
sodium tungstate before reaching the spectrometer slits. The three 
breaks in the curve correspond to the three critical absorption wave¬ 
lengths of tungsten that lie in the neighborhood of its L series of emission 
lines. 

/I Arl A m o coo 1 Kxr f^lrincr rP^Hincrs nn Hot'll Strips 
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of the zero line. The value of the zero point given in the figure contain 
the correction for eccentricity. 

The amount of X-ray energy that passes through the glass walls c 
the X-ray tube in the region corresponding to these long waves is quit 
small, and we, therefore, had to widen the spectrometer slits somewhat i 
order to measure the ionization currents. As a consequence the angula 
breadth of the drops in the curve have increased to four or five times th 
breadth of the drop in the K series curves. This has not increased th 
percentage error of the measurements, however, for the grazing angles c 
incidence in the L series are five to seven times as large as those in th 
K series. 

In this experiment th.e constant difference of potential between th 
electrodes of the X-ray tube amounted to about 24,000 volts. 

The following table contains the frequencies of vibration calculate' 
from the critical absorption wave-lengths in the K and the L series c 

tungsten, and also from the wave-lengths of the a and /3 emission line 

of its K series. 

Critical Absorption Frequencies. 

K Series L Series 

1st order spectrum v = 1.680 X io 10 v\ = .2438 X io 19 strong, 

1st order spectrum v = 1.670 X io 10 v 2 = .2773 X to 10 medium, 

2d order spectrum v = 1.681 X io n) = .2017 X io H) weak. 

Average v = 1.680 X to 10 

Emissi n Frequencies. 

‘ / 3 -line a-lines 

Vfl = 1.628 X io U) v ai = 1.437 X io 10 strong. 

v a% = 1.405 X xo U) medium. 

J'aa == 1.39 X io 19 (?) weak. 

In searching for a general relation between the emission frequencie 
and . the critical absorption frequencies the idea immediately present 
itself that an emission frequency may be the difference between tw 
absorption frequencies. The fact that the L series contains three critics 
absorption frequencies, (a strong, a medium and a weak one), and tha 
there are at least two a emission lines (a strong and a medium one), an 
possibly a third weak one, lends weight to the idea. From the frequencie 
contained in the above table we have 
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V - V! = 1.436 X io 19 (strong), v ai = 1.437 X io 19 (strong), 

v — V2 = 1403 X io 19 (medium), v a2 = 1.405 X io 19 (medium), 

v — vs = 1.388 X io 19 (weak). v a3 = 1.39 X io 19 (?) (weak). 

It appears from this data, that as a matter of fact each a line frequency 

equals the difference betiveen the K critical absorption frequency and one 
of the L critical absorption frequencies to within the limits of experimental 
error. 

If this law applies to all emission lines we must assume the existence of 
one and perhaps more critical absorption wave-lengths lying between 
X = 6 X io -8 cm. and X /= 7.5 X io~ s cm. (the M series) in order to 
explain the presence of the / 3 -line in the K series. Two critical absorption 
wave-lengths lying in this M region taken together with the three critical 
absorption wave-lengths in the L series explain, according to the law, 
the presence of 6 of the lines in the L emission series. 

The 7 line in the K series and several lines in the L series lie very close 
to the critical absorption wave-lengths, and in order to explain them we 
must assume the existence of other critical absorption wave-lengths in 
the suspected N series, etc. 

In conclusion we call attention to the fact that the equations which 
have been suggested to represent the lines in ordinary spectrum analysis 
are usually in the form of the difference between two functions, and also 
that X-ray critical absorption is not the same as ordinary absorption 
which obeys Kirchhoff’s law. 

Harvard University, 

March, 1919. 




[Reprinted from the Physical Review, N.S., Vol. XIV, No. 4, October, 1919.] 


ON THE CRITICAL ABSORPTION AND CHARACTERISTIC 
EMISSION X-RAY FREQUENCIES. 

By William Duane and Kang-Fuh Hu. 

Synopsis. 

In the analysis of X-ray line spectra it is of considerable importance to know 
whether or not the critical absorption, the critical ionization and the highest char¬ 
acteristic emission frequencies associated with any one single X-ray series are 
exactly equal to each other. Such knowledge must have a marked influence on 
speculation and theories as to the mechanism of X-radiation and the structure 
of atoms. 

The object of the research reported in this paper has been to measure these 
three frequencies, as precisely as possible, using the same instruments throughout 
the work. The measurements have been made with the X-ray spectrometer em¬ 
ployed several years ago to determine the value of h. The X-rays came from the 
steadiest sources at present available, namely, Coolidge tubes excited by currents 
from a high tension storage battery. 

As results of our research we conclude that the critical ionization frequency equals 
the critical absorption frequency to within considerably less than if 10 per cent.; and 
that the critical absorptioyi frequency' exceeds the frequency of the y line in the emission 
series by 1(4 per cent, or 1/3 per cent., these being determined by measuring from 
the centers of the drops and peaks in the curves corresponding to them respectively. 

1 "N the analysis of characteristic X-ray spectra we recognize four 
different kinds of frequency of vibration associated with each series 
of lines. In the K series of a chemical element, for example, we have: 
(a) several emission frequencies; (b) one critical absorption frequency; 
(c) one critical ionization frequency and (d) one frequency such that 
when it is multiplied by Planck's action constant, A, the product equals 
the minimum energy the electron in the X-ray tube must have in order 
that it may be able to produce the K emission series. 

It is known that the highest frequency in the emission spectrum (the 
7 line) and the other three frequencies ( 5 ), (c) and (d) lie close together, 
i.e., within a few per cent, of each other. 

The object of the research reported in this paper has been to deter¬ 
mine whether, within the limits of experimental error, the 7 line frequency 
the critical absorption frequency and the critical ionization frequency, 
are exactly equal to each other or not. 

1 A paper presented at the New York meeting of the American Physical Society, April 27,, 


Throughout these experiments we used the same X-ray spectron 
(namely that described in the Physical R icy new for December, ] 
page 624 ), and, in order to eliminate some of the possible sourci 
error, we did not change the general set up of the instrument. 

We calculated the wave-lengths of the X-rays retlected from 
surface of the caleite crystal by means of the equation 

X = b.05(> X sin 0 X 10 8 cm. 

where 6 is the grazing angle of incidence. 

The X-rays came from tubes of the ('oolidge type. One of the t 
had a tungsten target and the other had a rhodium target. 

The X-rays passed through two narrow slits before they reached tin 
cite crystal. As the third slit, that in front of the ionization chamber 
large enough to admit the entire reflected beam, this method elimii 
large corrections for the penetration of the X-rays into the crystal ( 

The electrical current (2 milliamperes) through the X-ray tube < 
from a high potential storage battery. In most of the experiment 
held the difference of potential between the electrodes of the tube 
stant at 37,750 volts, and, if any small unavoidable variation from 
value occurred, we corrected for it. 

In order to avoid actually determining the zero point on the sea 
the instrument we either measured the lines on each side of it, or 
found their positions in both the first and the second order spectra, 
various sets of measurements agree with each other to within the li 
of experimental error. 

In order to determine whether or not the critical absorption frequ 
differs from the critical ionization frequency, we filled the ioniz; 
chamber with methyl-iodide and used a thin layer of potassium ic 
as the absorber. 

The curves in Fig. 1 represent the ionization currents as functio; 
the readings of the verniers attached to the crystal table. The ci 
A and A' refer to experiments in which no absorber was used, 
sharp breaks in the curves occur at angles corresponding to the cr. 
ionization wave-length of iodine. X-rays of shorter wave-length 
this critical wave-length produce more ionization than X-rays of lc 
wave-length do. Measuring from the center of the drop on one si< 
the zero to the center of the drop on the other side we get for the dc 
grazing angle 2 6 (after subtracting an excentricity correction of 
2d = 7' 4' 25". Whence the critical ionization wave-length ] 
= * 373 fi X io~ 8 cm. 

Curve B represents an experiment in which the X-rays passed thr 
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a thin layer of potassium iodide before reaching the spectrometer. The 
iodine in the salt absorbs X-rays of shorter wave-lengths than the critical 
absorption wave-lengths to a greater extent than it does longer waves. 
The magnitude of the change in the absorption depends, of course, upon 
the thickness of the absorbing layer, and in this experiment the layer was 
thick enough to more than counteract the increase in ionization for X- 
rays shorter than the critical ionization wave length. The ordinates in 
curve C are the ratios of those in curve B to those in curve A respectively. 
Curve C represents, therefore, the true critical absorption effect un- 

icnguj xiMT-Aon-iz atiojslan jq . a. b s or? t ion 




influenced by the change in ionization at the critical ionization wave¬ 
length; and the angle measured to the center of the drop corresponds to 
the critical absorption wave-length X a . It appears from the graphs 
that the centers of the drops in curve A and curve C fall sensibly at the 
same abscissa; that is, the angles corresponding to the critical absorption 
and critical ionization wave-length do not differ from each other by 
more than a few seconds of arc. A difference of 10" of arc could be 
detected, which means that the critical absorption and critical ionization 
wave-lengths are equal to each other to within less than 1/10 per cent. 

In order to determine whether or not the K critical absorption wave¬ 
length (X a ) of a chemical element is the same as that of the 7 emission 
line in the K series we have investigated the emission spectrum of an 



■ i v(,' i-ru nr. 


-"V.UHD 

The curves in Fig. -> ronresen/ fl. . . . 
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which the wave-lengths can be esf • * <U1 Klt ' a ot (lle Precision with 

determine between which two settings77 ( '| a,>I>C ' ar ' s ,M he P 0ss 'hlc to 
also which of the two settings it lies ,ns<rmm ‘ n ‘ a peak lies, and 

asiori of the measurement is the “!*, T,u « that the pre- 

read by means of the verniers ' Z Whidl ,lu ' ™*'<* can be 

readings to 5 " of arc. liyZiJo T™ ^ » upp ™ed to give 
sides of each peak it seems reasonable , ^ ***» ™ the two 

can be determined with a precision r/ .°. hUp . pose (Iia( the wave-lengths 

cent the grazing angles for these linesT^™ lha " onc tenth per 

The curves in Fig. 2 sh ' . ^mg larger than 6°. 

7 hnes. The readings for these^we 7. Pt ' ak ‘ S com ‘sponding to the 0 and 
but the wave-lengths have been cTl M ” e si(Ie of tho zcr0 only, 

^ the dine measurements. atC(I from the zero determined 

The curves in Fig- , ___ 

and the second order spectrl^T, 7° ‘7° “ line pcaks in both the first 

Passing from the first to the second order 
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spectrum the distance between the two peaks about doubles itself, 
while the breadth of each peak remains about the same. 

The wave-lengths of the a lines calculated from the first and second 
order spectra, without direct reference to the zero, equal the corresponding 
wave-lengths calculated from the first order spectra alone. 



The peaks in the curves of Fig. 4 correspond to the 7 line in the first 
order spectrum on each side of the zero. 

The curves in Figs. 2, 3 and 4 furnish three independent methods of 
estimating the position of the zero on the scale. 

A correction for eccentricity amounting to about 45" of arc must be . 
subtracted from the double grazing angle. 

The following table contains the wave-lengths of all four lines. 


K Series of Rhodium (45). X X 10 8 cm. 


a<>. 

a i* 

0. 

y- 

.6164 

.6122 

.5451 

.5342 

.6163 

.6121 

.5453 

.5343 

.6164 

.6120 

.5454 

.5342 


In 1917 1 Prof. F. C. Blake and one of us obtained the value 
X = .5324 X io“ 8 cm. for the critical K absorption frequency of rhodium. 
As this differs from the values of X y contained in the above table by 
slightly more than the probable error of the measurement, and as the 
spectrometer had been partly dismantled and the parts reassembled, the 
authors of this paper decided to re-measure the critical absorption 
wave-length. 

For this purpose we used the tungsten target X-ray tube and an 
absorbing layer of rhodium salt placed between the tube and the spec- 





Measuring from the centers of the sharp breaks in the curve 
two sides of the zero line, we get for the critical K absorption \va\ 
of rhodium X = .5330 X 10 s . This value agrees with that obi 
1917 to within approximately one tenth per cent., but differs i 
wave-length of the y emission line by almost one fourth per cen 
In order to obtain additional evidence as to whether or not tb 
encc really exists, we have made some experiments using the 
target tube both with and without the rhodium salt absorber. 
The curves in Fig. 5 represent the results obtained. The v 



the slits were somewhat larger than in the previous experiments 
were larger, also, for the measurements on the right hand sid 
zero, than on the left. The readings for corresponding part 
curves with and without the absorbing screen were made on 1 
day, but the readings for different sections of the curves were 
different days. This is shown by the discontinuities in and over 
of the curves. 

Curve A has been platted from the data obtained without the 
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ing screen, and curve B , with the absorbing screen. The third curve 
below represents the ratio of the B to the A ionization currents. 

The curves indicate that the rhodium has no appreciable selective ab¬ 
sorption for the X-rays in its own au, a 2 and $ emission lines. The marked 
increase in absorption occurs, however, close to the peak representing 
the 7 line. Further the wave-length corresponding to the center of the 
7 line peak is about one third per cent, longer than that corresponding 
to the center of the absorption drop. 

It appears, therefore, from both experiments that, if the wave-length 
of the emission line corresponds to the center of the peak, and, if the 
critical absorption wave-length corresponds to the center of the absorption 
drop, the critical absorption wave-length is about one fourth per cent, shorter 
than that of the 7 emission line. 







Reprinted from the Physical Review, N.S., Vol. xlv, No. s , November, 1919.] 


ON THE SPECTRUM OF X-RAYS FROM AN ALUMINIUM 

TARGET. 1 

By William Duane and Takeo Shimizu. 

Synopsis. 

Aluminium Speclyum. The object of the research has been to investigate the 
question whether or not the frequencies of the K series are the highest X-rays 
frequencies characteristic of a chemical element. Several investigators have found 
experimental evidence, which they interpret as indicating the existence of char¬ 
acteristic emission or absorption of frequency higher than those in the K series. 

For aluminium the wave-lengths corresponding to these frequencies are stated to 
be .37 x io -8 cm. and .49 x io ~ 8 cm. The authors of this paper have examined the 
emission spectrum of aluminium between the wave-lengths .1820 xio -8 cm. and 
1.259 x io -8 cm. Four small peaks appear on the curves, indicating characteristic 
radiation at wave-lengths .622 x io -8 cm., .705 xio -8 cm., .975 x io -8 cm. and 
i.i8xio' 8 cm. The first two belong to the K series of molybdenum, and un¬ 
doubtedly come from the metallic molybdenum in the Coolidge carthode in the 
X-ray tube. The last two belong to the L series of lead, and undoubtedly come 
from the lead screens containing the slits through which the X-rays passed before 
they reached the X-ray spectrometer. 

No other peaks appear on the curve, and this leads to the conclusion that, within 
the range examined, aluminium has no emission lines the intensities of which 
amount to as much as 2 per cent, of the general radiation in the neighborhood. 


S EVERAL investigators 2 have obtained experimental evidence, which 
they interpreted as indicating the existence of the emission or the 
absorption of X-radiation characteristic of a chemical element (the 
J-series), and of higher frequency than those in its K-series. Barkla 
and white {l.c.) measured the coefficient of absorption of X-rays in 
copper, aluminium, paper, water, and paraffin-wax. On platting these 
coefficients against the wave-lengths, and also on platting the coefficients 
for one substance against those for another (copper) certain breaks in 
the curves appeared, similar to, but very much smaller than the breaks 
that occur at the critical absorption wave-lengths associated with the 
K and L series of characteristic X-rays. From these breaks they inferred 
the existence of X-radiation characteristic of aluminium, oxygen and 
carbon at the wave-lengths .3 7 x io~ 8 cm., 39 x io~ 8 cm. and .42 x io~ 8 

1 A paper read at the New York meeting of the American Physical Society, March 1, 1919* 
2 C. G. Barkla, Roy. Soc. Phil. Trans., 217, pp. 3iS~3bo, Aug. 29, 1917- C. G. Barkla 
and Margaret P. White,’Phil. Mag., 34. PP* 270-285, Oct., 1917. C. M. Williams, Roy. Soc, 
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more small peaks indicating characteristic radiation. These peaks corre¬ 
spond exactly with the /3 and a lines in the L series of lead, and, doubtless, 
are due to secondary rays from the lead blocks containing the slits through 
which the X-rays passed before they reached the spectrometer. 

In order to extend the research to X-rays of shorter wave-length 
than those produced by a difference of potential of 53,200 volts, we took 
a series of readings with a difference of potential of 71,200 volts. The 
curve FG represents these measurements, and it contains no peak. 

Molybdenum and lead are much more efficient radiators of X-rays 
than aluminium is, for their atomic numbers are higher, 47 and 82 respec¬ 
tively, instead of 13 for aluminium. Further, if the voltage applied to 
the X-ray tube lies considerably above that required to produce the 
characteristic rays of its target (as is the case with molybdenum and lead 
in our experiments), the characteristic radiation is many times more 
intense than the general radiation in its neighborhood. It is not surpris¬ 
ing, therefore, that secondary or tertiary characteristic radiation from 
molybdenum and lead can produce effects amounting to a few per cent, 
of the general primary radiation from aluminium, upon which it is super¬ 
posed, as indicated by our curves. 

No peaks representing the emission of characteristic X-rays appear on 
our curves other than those corresponding to the K series of molybdenum 
and the L series of lead, and we conclude, therefore, that aluminium 
has no characteristic lines in its emission spectrum, between the wave¬ 
lengths .1820 x io -8 cm. and 1.259 x io~~ 8 cm. that amount to as much 
as 2 per cent, of the general radiation in the neighborhood and that 
can be produced by the voltages we employed. 

Harvard University. 




[Reprinted from the Physical Review, N.S., Vol. XIV, No. 6 , December 1919.] 


ON THE X-RAY ABSORPTION FREQUENCIES CHARACTER¬ 
ISTIC OF THE CHEMICAL ELEMENTS. 


By William Duane and Kang-Fuh-Hu. 


Synopsis. 


Object .—The object of this paper is to record in some detail the data presented to 
the American Physical Society at its meeting on April 27, 1918. 1 

Blake and Duane 2 had determined the critical absorption wave-lengths associated 
with the K series of x-rays for most of the chemical elements from bromine (atomic 
number 35) to cerium (atomic number 58) by measuring the currents in an ionization 
chamber attached to an x-ray spectrometer. The research reported in this paper ex¬ 
tends the measurements to chemical elements of lower atomic number, as far as man¬ 
ganese (atomic number 25). The same apparatus was used as in the previous research, 
except that the x-ray tube employed had a long glass tube attached to it carrying a 
thin glass window at its end. This window lay close to the spectrometer slit, and the 
device materially reduced the absorption of the long x-rays by the air and glass. 

Importance in Theory .—These critical absorption wave-lengths have considerable 
importance in connection with the theories of the structure of matter and the mechan¬ 
ism of radiation, for they represent frequencies of vibration that are the highest x-ray 
frequencies definitely known to be characteristic of the chemical elements. 

Results .—From the experiments it appears that the square root of the critical 
absorpion frequency is not quite a linear function of the atomic number. 

If we calculate the velocity v of an electron in the x-ray tube required to produce the 
radiation from the equation 



(i> 


using for v the critical absorption frequency, we find that v is a linear function of N, 
namely 

v = vo (N — 3/2), vo — .00678 xc (2) 

for all the chemical elements from manganese to cerium. 

Further equation (2) gives the critical velocity for the chemical elements as far as 
magnesium, if we use data obtained from emission spectra. 

It will be noticed that equation (1) contains the expression for the transverse mass 
of the electron. 


I N Moseley’s classical experiments 3 on x-rays he showed that the square 
ro'ots of the frequencies, v, of corresponding lines in the characteristic 
emission spectra of the chemical elements are very nearly linear functions 
of the atomic number, N, of those elements. Recent researches have 
confirmed and extended these results. The wave-lengths of about fifteen 


1 Phys. Rev., June, 1918, p. 488. 

2 Phys. Rev., Dec., 1917, 697. 
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lines in each of the emission spectra of a large number of chemical 
have been measured and tabulated. The graphs 1 representing \ 
responding lines in these spectra as functions of .V are not quite 
They bend slightly upward, the curvature becoming more li¬ 
the frequency increases. 

Attempts have been made to deduce empirical formulas for v 
of N, and some of these, 2 with four arbitrary constants, seem 
data very well. 

The equations'' 5 in Bohr’s theory of radiation contain the 
of the electron. Since m varies with the electron's velocity tl 
roots of these expressions for the frequencies of rotation and 
are not quite linear functions of A r . The deviation from the 
line law is much the same as that which appears in the graphs re}' 
experimental data. 

It might be expected that the critical absorption frequencies ; 
with the emission series of x-rays would bear the most fundanu 
perhaps, the simplest relations to the atomic numbers; for tin 
to be the most: important frequencies characteristic of the ehe 
meats. Their importance rests upon the following farts, (a) 
absorption frequency equals the critical ionization frequency ; 
with the same x-ray emission series/ 1 The laf ter probably n 
critical frequency for the characteristic emission of electrons wit 
energy from the atom. (/;) Idle difference between two critic; 
tion frequencies equals the frequency of one of the emission li 
acteristic of the chemical element. 5 (r) A critical absorption f 
substituted in the quantum equation, Ve - hv r gives the \ 
required to produce the emission series associated with it. 55 
critical absorption frequency is the highest x-ray frequency km 
characteristic of its chemical element. It lies very close to, hi 
above, the highest frequency in the corresponding emission ser 

De Broglie has made a series of interesting and important exj: 
in which he measured the critical absorption wave-lengths chai 
of a large number of chemical elements. I le used an x-ray spe 
with a rock salt crystal, and determined the position of the 
rays reflected from the crystal by means of a photographic phi 

1 Friman, Phil. Mag., Nov., 19x6, p. 497. 

2 Uhler, Phys. Rev., April, 19x7, p. 325. 

8 Phil. Mag., September, 19x3, p. 476. 

4 Duane and Hu, Phys. Rev., June, 1918, p. 480; Dec., 1919. 

5 Duane and Shimizu, Phys. Rev., April, 1919, p. 300; July, 1919. 

« Webster, Phys. Rev., June, 1916, p. 599; and Duane ami Hu, lx. 

7 Duane and Hu, l.c. 
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Owing to the difficulty of estimating by this method the effect due to 
the penetration of the x-ray into the reflecting crystal, and that due to 
the widths of the spectrometer’s slits, Prof. F. C. Blake and one of us 1 
decided to undertake a series of measurements using the ionization 
method of detecting the reflected beam. The data obtained in these 
experiments include the critical absorption wave-lengths associated with 
the K series of x-rays for all but two of the known chemical elements 
from bromine (N = 35) to cerium (N = 58). 

The equation v = vq ( N — 3-5) 2 , in which vq is the Rydberg funda¬ 
mental frequency, namely 109,675 multiplied by the velocity of light, 
approximately represents the critical absorption frequencies v corre¬ 
sponding to these wave-lengths. There appears to be, however, a small 
systematic variation from the law represented by the equation. 

The object of the research reported in this paper has been to extend 
the measurements to chemical elements of lower atomic number than 
that of bromine, and we have succeeded in obtaining the critical absorp¬ 
tion wave-lengths associated with the K series for all the chemical ele¬ 
ments from bromine (N = 35) to manganese (N = 25). 

The magnitudes of the frequencies belonging to chemical elements 
having small values of N give us the best determinations of the quantity 
k in formulas of the general form 

v — Vq (N — k). 

The x-rays in the K series of chemical elements of low atomic numbers 
are comparatively long; and, since the coefficient of absorption of x-rays 
varies approximately as the cube of the wave-length, the absorption of 
the rays of long wave-length by the glass walls of the x-ray tube itself 
becomes of great importance. In order to allow as much radiation of 
long wave-length to emerge from the tube as possible we designed, and 
had constructed an x-ray bulb with a long glass side tube attached to it. 
This tube extended out toward the x-ray spectrometer, and carried at its 
end a thin glass window, which lay close to the spectrometer’s slit. 
The device markedly reduced the absorption of the x-rays by the glass 
and air. 

Except for this side tube attached to the x-ray bulb the apparatus 
used in the experiments on chemical elements from manganese to bromine 
was exactly the same as that employed in the experiment on chemical 
elements from bromine to cerium. A detailed description of this appa¬ 
ratus may be found in the Physical Review for December, 1917, on 
page 624. 
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from those given by flu* linear equation 

r «'\}' ^ A 1 * • ■ .« h >f i s ^ ^ 

by as mtirh as 1 5 per rout. 

The fif{ h column in (he (al do contains tin* \ am* • ».* , am 1 de ixdi, 
of do e 0 V. None of (he \ allies of o u dun t loan <•« >T v '; b\ .* nun h 
as 1/5 per centexcept that hu rim . 

\\V have shown by experiment ./.*.* that the * nin d al --*i pf 1. >n In* 
quency of rhodium does not differ imni the ltd he f 1*0 pit* m \ in its 
K (‘mission series bv more than about t f pet n-af, ll \\e 1 d» til dr tin* 
('ri t ieal velocit y v Inan equations < t 1 and 1 * ■ mane !«<i ; the hnju* 4 
frequencies given in Kirgh.dm s fables of < ttie -son luir . ns the K •eiirs, 
we find that (‘({nation qd represents the \e|otiin- uuh »**11 ad* fable 
precision for all the chemical elements as fat d««un a - and in hiding 
magnesium (A' fid 
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2 iif»; 

I ao 

! a. 

J , ^ * 

Titanium . . 

»1 


1 no'; 

I ml 

u , H 

(‘aleium,, 

20 

i my 


1 2 ■» i 

'< '* * 

Potassium 

p) 

< lie 

m i 1 ; 

t! ■■ < 

s . ;i 

Chlorine, , , . 

17 

4 aq 

2 o » 

|MSl 

e .; 1 

Sulphur 

U* 

:* el 1 

,oi 

< CJO. 1 

., , 

Phosphorus , , 

15 

5 MO 

;iss 

< i*j 1 ?; 

' 10 

Silicon , , 

It 

fi i'v* 

1 

SHi S 

» j M 

Aluminum , , . , 

1 i 

7 *jm 2 

M * I 

0. 0' 

' *' - 

Magnesium . , , , . 

12 

a lil 

My / 

0:1 -e- 

r, s \ , 


In conclusion we wish to cal! a! tenth *U to the fa* t ilia! Inn 1 n it< a the 

relativity expression for the kinetic riingv ot t!ir rlr» tfoii, I he farf 

that equation (j) gives the irtwMmr mass of the rln turn ettggrsp* that 
possibly v may represent tin* velocity of an rlrttrmi tiavrlhtig 111 an 

orbit. These points wilt be dimfm-d in afiotliri papn, 
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In these experiments lilt* eloelno n 

tul k* (M ll H 4 il'uni a sfuiago baftof\ * 

rharged, a difiermre <»! pufonftal ut a bmi I f >,* " 
of potential ran n< a pfodtieo \ sa\ - mu< h la 
absorption wave length uf enuim, an* 1. a 
dermises quite rapidlv with inn ra at,, ah am* 
impossible In make g? >t h 1 na a inrun ut. In «! 
numbers (lian 5«V 

The a uf hors thnoiure M*f up a a* nnaiiie.; | 
signetI b\ 1 )r. A. \V. Hull. 1 hi - «oii aan 1 » a i 
at C . uHut 1 to a s\stnu <>t runden so am! k< m a 

voltage appn niniaf eh o »ie4 ant. lit*’ plant 
about i 15a k n i \ ul {s and ur uno ablr fu tin a at 
wave lengths as-.* u’iated with fhr K ie uf rt,,h 
Iruin neod\maun « Y nm to Ir id \ a* 
Kxrept fur the gntnafttig plan! fbr app ita fit 
lisod in 1 he eat lift le.oaieJir. /. « . , and da i m 
to eliminate nnas duo to tho pom fiuian m! i ho 
cTv.sfal * ralei top and to t|?o uidfli ut tin- p« * fa 
C huw t's w or d I a w u ha oat h < homo at ohan« i a 
on page *;<u ut tho Ihti m \i Id ui n mi 1 » 
angular distant es bot w orti tho and puna a< da 
grazing angle «it iiietdoima A !?«»m w In !i fu 
b\ the lufiinila 

X fi.lipO * Mil H - }tf 

The following tablo 1 t ml ain > tli«" d da lit 
lengths appear in tho thud column, and flu 
spondiug \ filiation ttrqttrm ftu in tin* I*an ft? 

The values < ii then hint! abu a pin at \% a\ o Ion 
are several per rent, smallei than utu 
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On pmflitn. f i.t u u • 13 ’ 1 '? d w Ireijuenrie* against the 

.if* ‘iim unmb» > 'I * mi hr 1111 fli m tln\ depart Imiti (In* straight line* 
Liu ‘Mil «unhu J e mi i!i? \,i!n< jnr\ a iii-.lv obtained {nr ehemiral 
r!i m* wt nf !» n * i t u mm im ml >1 1 . 

Ii li. 1 u 1 m a. w m iliM flu \ < 1« «ei t \ n| t hr rleet mas in the x-ray 

f u! .r 11 «pi.1 * ■! 1 * i -dih * f!a l\ • ini Mi! - mi i«*s 11{ tr\ s I he law represented 

h\ flu < * {Hali* m 

M* \ ; ’ U.HUOJMS^! \’ ^ .»), ( 1) 

I*»! i la 11 M» ,d rl< M 1 pi up f«i f 1 1 min \ ^S\, provided that we ealeulate 

; III It M fill I |U I mM 11 Ml f f J! I if H Ml 

1 (2) 

I*a dr > mmfi m • ;* 1 flit- uifual air *upfinn tmjtienry, and m, the 

f tan am .» iim . * >J ! In- 1 It 1 11 t<n, i anil 1 ?\ tin 4 equation 

»: , 

^ . (4) 

si J'" 

I Irn filth « 1 -Uiuiu mi the f. il il« 1 Mill,fin. the \ allies ut 4 e t' ealrulated 

I .v * pit .if 1* *s 1 *, * ■ m > * | , pul fun; /: mm 5 4 to !> \ Hl» H.oHq \ to '* M 

.nil 1 -* 1 1 mm * f * * 

liifln ,1 \ ! h * .-I mu n Mppirif {hi value nf n’n i .deulated i rniu the (‘\pres- 
41 mi n \ ; ’ I In* * lifts h n* 1 . In furi'ii ! lame \ nines of /hi and that 

t«a a id |»t m i*4i- h !» a 1 1 1 * ■ 111 a al « Irjtirnf , u| Is iwcr atnmie numbers, namely, 
iM«ifMMHp itn si .i » pi 1 upt ; r»i\«1\ with im irndtig atumie number, Ah the 
!41 r, i f r ‘ * duiriimi’ bring a lit fir limn* f lull t J ht rent, 

V Mipr' 4 «*d in a f*#ttiifu fuprf the tael that tin* tnntsvt'rsc mass of 
thr * In 1 1«ai * iitt i . mtn tin* r* pi ifj»*n.n tiiav mean that v is really tlu* 
O'ht ifi tin- i hfiinis’- ii am mbit, It mi, tile above variation in the 
x aim* uf ,1.1 nan > <*• t|nr in tlir uuipHiir etteii ot the electrons in a ring 
mi vai It ntlii i. and i j«* i Ut , t hit k *»I i oiufamv in their angular momenta. 
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\ R\IH\lIn\ A\0 llfK ATOMIC NFMBHR OF 
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!t ■* WiitiiM ! *« iM \%i* 1 Alv! 1» StllMt/t , 
n %»•!' 4** 

4 .. i I . iMV :.t ’ •! v - t Ai % t*i ktlHWIt t<> 1 h* 4 pf»l < >X 111 l»tt C'ly JUO- 

! • “ v, 6 in-, a, * • '<> s,?i ni nm-.iifului^ fhr *uUirathutlc\ 

«• ■ - • i f .V;- ^ s. » Shit iisn r lhr aloiuii* weight'* an', inughly 

( A ; • ;! * **tt <■* 1 I, it III,|\ !«r iSi.it thr iutrn .ity i i pfnpni- 

.. ./ . • ■ v;’: x 5.'.-4 ■ «, 1 * s ■ 1 1, . .41 s-IrfitiK, llu* ifitpnttaut pa it whirli (lit* 

.» , . - i , :,k t 1 ■ . . *, 1 »4 » Si.ii.v fr? 1 tn \ i.i'liatiun, Thr nbjrrt 

.; *, * • +. : * * - * ‘ ‘ '* <h: 

I , ,,, M , , \\ , • ‘ i \ .v r rlnursif n .«u. » uhalt, nirkri ait«l rt»|>p<*t 

A v': : . , *« - 4 ,..- ; . * >• ’ .* nrtghi * m! *h!uIi an»t nirkrl at«* in tlu* u*- 

. t -\ti \ ?,n m!n* «*l -ipri ial tvp«% whirli 

.... , * 1 . nit Sit S rn f hr lm thu! ,i ( 'unlit I w talhutlr 

, . . t * .a, ,H , PrpA.vn tin- Imitanl pnmt 4 Utl tlu* 

, r , „-, v , ■' , ' ,i ' : 1 UH4” hafh’iv ut availahlr vttliagr 

. 1 * h» i ,v ! * aa?hK Mttf Ml till* f ut«*. wtm h altUnNt 

r | s ..... v A m 3 ^ u a. ,n- v», .%•' m« a saf«--l h\ mran-*. nt an lani/at mu 4 hamlna 

i ; ; 1 , 4 «• p? .|«*4!a*svil t«» f hr .itairnf iiumbri and u«»t 

*,. U;< ,, 14, 4 > s . i-vv ikhsaif* I ht» \\a*. paituuiaily d<*i« 

< : . M v .,, -r,.. ... . . . ; ,• p,f All- } !**' la -1 Will’ m S h»* frVrl i*»t Olfll ‘1 at 


1 "| i| Hit. 1 >! grnn.tS \ i.irli.iliim tVK.mlrd ;if. a functiun of 

i!tr v i l, i. it. >: tin rvi iiiiiK i loi ttuti-. atnl alno as (hat ol (lit - ohciuiral 
u.ttuir f!>«■ an(i- i(li<utr tt.r. inf*i iioatril tliootctically 1 »y J. J. I lioiiiKon 

is, J.;,,; II; . hi-.it.II, 4 ttjiMii n ilain asMiiiiptions, wan that the 
iiiit-n-.iU u !4 hr ! > j .nip. a t >. utal to the fourth power of the 
>!•, -a ih> > -..1101,.: cl., to.ii:. ami 41 .t independent <>i the eheinieul 
11iii-iti!uicat ..1 Ihr ,ititi> ,ith-tiie. I he tir.ot par! of the eoneluMon was a 
men- ,(»!:< jp iiii.n a! dial time, hut it was proved to he true hy later 
experiment-. . -J . ihei jin e.tiv*at'*M, e-ipeeiallv those of Beatty,•' who 
..ht.ued t!mi d,.-.e t.tt W e. infill for the general x-radiation. The 

v B ri t |}1 , , ,y - ,v,ru. 4« !’hv»t* a! Sh irlv* A\nil i?, lOtH. 

, I , , s , n „ n » h , ,0 i pp.a.r-n 11 *.i« IImI Ilit*Iir -4 f’hil. M.iK-* J 4 » PP* 

, / , , , ,.J , hj , , 14 V, Sin . PlM* , N't. A. }»P* 4*4 4^7. 
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i \|»t*sc*! t** thr o ia\s tA lailunii u vit* iii tin* smut* unit*!* as tlu‘ir atomic 
weights -in*I wa-> n» Haikla and Sadler’s proposition. 

In ihr pfrNrrtf o\|(t inui’ut u v have measured tin* intensity of general 
\ iadia!it*n loan tltr Pan siu vrv%i\»* elements iron, cobalt, nickel, and 
iuppi'i. In <*!dt j that the \ invs hunt all lour metals should pass through 
r\,4i tl\ the -Hinif tliiikntNs nt glass ami follow the same path in space, 
the \ ?a\ bulb iieIn air’d in fhe figure has been used. 

hunt siinilai plain ut quadrant shape, one of each of the four metals, 
wet e si ill lei ei S ft* a i m iilai bb»t k of mpper *1, which served as anticathode, 
llir siiifate eiaisistmg ut the different metals was carefully turned in a 
Safina so that flu mute surface made a good plant 1 perpendicular to the 
avis «*! a t itvtilat i upper rot! Af» wtiich was rigidly attached to ,4. This 
iiid H i **itl*I ioi.itr tit two ttipper bearings BH fixed to the glass wall of 
the tube, btit natld not slt$i in the direction of its length. A small piece 


,» |c=f 
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li* 


j 

ii 

4 7 





(•) 

I ik !. 


,,f , Mt n iiuit /, (<> H made it (rossible to rotate the antirathode 

f„, m <.ttOd»- it! the ttiiw with an electromagnet. 

,\ t ,«,Jid«e . ,ih.«lr ( wa, fastened to the tulx* a lit tie exeentnc with the 
4 \>-. nj A\ .«> th.it when ,1 w\e turned around its axis to a suitable posi- 
tiuu, j|» i .iihofh- ta% • hum it might -.trike A at the middle of any desired 
„„»• ,4 the !><ui <|U.»dta>il i, a-, ittdieated in the lower figure by a dotted 
tin lr 

Itir i$*|r tub** I 1 win i iitiiptinl t«* a Langmuir diffusion pump and a 

jili'mlifr gain:** 

\, th. .4 high potential, we employed the 4 2,ooo-volt storage 

hatter 1 Ox,Ham; to the Jab-ratotv, The potential across the tube was 
!.ik« „ fix,;, a aotahle numhet <*» it*, sections, anti carefully kept constant 
durum dxiuhn,, by adjuring a water rheostat connected in series 
wish the nib. V a irnme 'tatie voltmeter made it easy to detect a 
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through the bulb was also kept constant hy ad juMing t lie heat im; rinivut 
of the cathode filament. 

The x-rays coming out ot the bulb MHt ainim; a mull nnglr with the 
surface, as indicated by a dotted line in tin* fi^m** \uir hum turd by 
means of an ionization (dumber containing mf in atrd \.i|hhh <*f m« j In \ 
iodide and a Wilson til tin 1 electroscope. I uo lead -lit * phu*d 1 u 1 u r«*n 
the bulb and the ionization chnmbei « IiIiih * I ihe M»hd am/Jr M tin* 
measured x-rays, To secure a good emulate v *A fit*’ g» <mut 11 s al iria 
tions, the bulb was set up at a distance nt about mm imin loan the 
nearer slit. 

Our object being to compart 4 the radiation I a an tin* f* an in* mb with 
one another, observations were taken for them in imiu* dute ms * * Mmu 
at a constant voltage. But a repetition M our pm th ulm *»bsn\ atuft 
after an interval of about a mouth ga\e almost ihr n.ini* u utlt ,u iuh 
obtained Indore, indicating that the geomctiu al irl.ftmtu briu* m tin* 
different parts remained unchanged d tiling fit.if fim«- 

A simple* calculation showed that the * lutat im-,iu 1 u , n**m i| if « 
metals were almost completely a toothed bv the w,dl-> m flu bulb, H n 
that the observed intensity was due to the g* tn 1 d indi.iimn -nU !u ,dl 
of the metals, The table contains the o|>M'i\rd u utli 
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Thu- v. e svv that t hr latiMn ut thr intensities oi the general x-radiation 
I a t »* ittm I at t hr mum pniiaitia! In thr different metals am in< l<*pt‘tuU k n t 
nl thr |itUrn tial within thr limits «*t m'tirs, at least for tin* voltage's used, 
and that thr inf* o lfir~* an* \ rrv nrarlv proportional to the atomic mum 
hris oI tin* iT tin lit-. 1Im is particularly evident in this ease since 
thr tifdn «»! thr at*atiii wi*iv; lit- i- not thr saint* as that of tlu* atomic 
ntttiihrts, lit** inirmaf \ t«lli nvs the order ot tin* atomic numbers and 
in a that of an aim w rights 
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ft.Y ///A /\ M'RtKS OF X HAYS 

!iv VViu.i \m Dt'ASii ani* StbnstrAm 

JltWKiOioV I'tlVsICAI. l.AIKttATORY, HARVARD UNIVKRHtTY 

Communii'Atnl July t, JiRMI 

in the research rejmrted in this paper the authors have measured 
tile wave lengths of tin* emission Hues and that of the critical absorption 
in the K series of tungsten. In order to olituin as precise values of the 
wave lengths as jsmible they employed spectra of the first, second, third, 
fourth and, in imr instance, the fifth order, 

The object of the research has lieen to provide data for testing the 
following points; Utl The existence of a third line in the «-group; (6) 
the separatum of the critical nhsorption from the line of shortest wave¬ 
length in the emission spectrum, namely the > line; (r) the experimental 
and theoreticid relations Iwtween the curious lines in the K, I« M, etc., 
series, h/) the relative intensities of the emission lines; and (c) the equa¬ 
tions for the wave lengths that may la* deduced from theories of the struc¬ 
ture of atoms and the mechanism of radiation. 

'Hie X rav spectrometer, the generating plant used to operate the X-ray 
tula', the instrument*, for controlling the current and voltage and the 
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searches lies in tart that ur ha\r um<«I hnibn »*r«lejs, tj 

obtaining greatet dispersion ami pfcet a*»n 

Measurements of the electin' ittttrni isi the caiiaai-n . h tiii l i» s m| t 
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The tip* **J the peaks m these iHirvi’s correspond to the lines in the 
characteristic X m\ s |>cettu. It is possible to determine with certainty 
between which tun settings of the crystal a peak lies, and also about how 
far front each it is This na ans that, when the apparatus is functioning 

well the gia/iug aiiglr oi incidence can he estimated to within about 7" 

n.i' l I l I r i r “7~ r~T—l—I—i—I 
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flu i until lot* tn tltr lahh eiattain* the weighted menu values of the 
w ,ot h u» lit. f * n;# I In i with i tough estimate of the prevision of the 
to* .run * iiir hi ■ lit* > u 4\r It ugtli r» mote difficult to measure than 
i In *4 tut f m tin tut that tltr et it teal absorption wave length 

It* to .it 11 He tatyr i *4 the X tav tube absorbs some of its own rays. 

In mi 4 i t t*»» -till* Ur thr ab%* 4 utr accuracy of the wave lengths we must, 
»*j ,i at 4II a * a l m X mv * |tci tin, take account of the errors in 

!b« rta’np, Mai-Jaiii ««i ilir trllrrltitg crystal, These appear to add up 
t*» .iltMiii u site , 4 *rr 4 ' ttrpotf msi I biti 4 Relating to X Ray Spectra , 11 
|rtllili%lw d In Il« \a!»*ual Rruraft It Council, I 

I’mi |*iii \*<r r* *4 * om$«af con mr ha\e added, in the eighth and ninth 
liiw , ir |*«4 tn< h tbr i allies obtained lust year by the ionmttion method 
; >e u'r u i (uk, k*}M p 0* ? and those given by Siegbalm (/^/u 7 , 
Sbo , X *4 jofo, ji o;j** r , w It it It Itr tttrasttied by photographic methods. 
I 'fii.dl Mori lea* ‘ *,*, ha * l*r* n made in these wave lengths eorre 
'p*atdno. t«* lb*- aha *4 tl$r rJ ding constant of ealeile we use, 

In tadfi Ui iva i;i tirtul n Ufa*!!** between the wave lengths and also 
thi om tn upMfrar. it r. * «anriiirttt to !tu\e at hand the waive numbers, 
t % and flu- I itiir r , *»t tltr heiptrmies, r, to the fundamental 
R*,«IU $r it1** 1 , 1 # In calrtiktttiu* these ratios we have used the 
14 % ill**-!t; tmnbt’iM tit 1! wave ttififtbrr* v ,, HHI 7 U 7 , ealeulated for heavy 
at * ate, ie an lb* dat 1 obtained In Rasehrn 111 the spectra of hydrogen 
and brimio I aw t<J 111 falilr 1 witfatfis the values of 1 X, each divided 
In iif\ .iptl litu f t mutant*/ tltr lain** ot 1* , ealeulated from our values 

of X 



I, Dr, R. A. r,iUvr^»u «**•}* ^ u. 

t if I In* Hi* wiivr length* Hr "* '• < ' 'v> 

target tit these experiment* 

It appears from tlir data that tin m.,ivr mm- 1 *■■■-' ’ r t 

the critical absorption thllei r;**ti «fn*i ; ••? 1 In 

the K series Hjm'Ctrtiin «*i fSmlttifi? wr **> - - "* * 7 *' : *rc t» 

Mill the two wave length** fbltn n <r* < o'- ' . > rI| 

we adopt the theory tit clrt'limt* m .mnoo • •tint -1 tic v^n r% 

plain tills diffeirnrr in w*iir hiirth * < ** ' * * dm*,.**, 

the critical alninrptitHi frequency equal* ilir 4tn<*Mnt 4 «r«|n$f W | 

to curry nit electron ir»»itt the K **flnt *m§ 1** ^ t ** * < i ?' * 4 uu% 

divided by l%ltd*H CUIIStWti* A lilt- 4 kite t'« *lur I-* 4 r*tf**n.* l^llilll 
into the vacancies in the h orim n**w * «'.* 4 * * * * r u m%% 

class together awl cull the M The »i fir# 

iittti radiated during Hie **f iisrw mo a* $ -> p* • * :^-r •. ' *, iKp* the 

amount of energy minimi to lift itir «* r ' m 1 v ^ §j 

orbit to the periphery of tlir atom »s*u*-c thr tli. f X iii% ; 

emitted during the transfer equal* tin* m K it 

that the frequency must lie le« than that <*< tlir *MfoM mi it, 

therefore, its wavelength greater than that *4 thr- *mu* 4 ! 4 l**«*ptiM 9 i 
The y line is probably complex, ami tlir wa*c Im^th **«■ nwmmi^ in*i%i 
lit 1 a kind of centre of gravity of the w p% % . a 

In the serous! on In q*r« Horn 4 < J 4 ^ ?, p « p , r 4 t 

11 itYtiiin point iiiiilctt Tin?# *1*^** ll^il t *, illr 

It f,|*fCX'ltl, tl»«’ * I»ti 4 m 5 *»r. '1 ' . ‘ < ■ ■ '' ■ ; f ,» 1 1 .{ft 

spectrum, the wavr Uu^th *4 wltiett *• ** * t« * . m UV <»^r*t 

methyiimikle in the iiwiMthiit etwiulirt f 4 tlie «|*r '*.■■ 11 * 4 i m Ir$' 

In ii resenirh in itir !^ ^ X,-, * r/ ^ ^ ||| 4 

Mr* bhttniiu and one «#i ns t| % k 9 <* ?4*u ,s * < ^ < * c 

that the tlitlcrnirr ItHwnii ll$r K oiiii d m m \ k ^% 

our of the I* riitimj alm»rpti<^i impmn a* < 4 * u »m y,* 4 **i 

cif the enitata linr% 111 tfir K 

mil to lie eEftcti if origin in til t.tie atr di$|it$4"^i #11*1 m fghet 
tttcinii of the same cltcnilcal dciiif'iil * 1%% ttlm 1 hr rll#|ii4#i4l 

orbiti c*<i«it«ia twotiiti oj n%n%\ ihm Mr « iv nt 

%mf U} nt atoms with %4%Hi »itot hr o r tdr . m 

when an electron is miimnl Uum flic a mM nm u ihr in 

the two eases,* fins mean** tlut thr k , 0 

should Ik? «ttttftlt% and that wtwt ti m^^mr ^ * te ,4 iir 

queney. Strktlv, nerordnig «« «t«r tfn^n ti r 0#.^^. dotnrmr 
law Hhuubl apply hi iln*%e atorn^ #nik 1I14I m* r% o «u 4i4 ; r 
To test this point mr have l#J«$t tin ^hw^ptioii ?ar4^or-«,N« nt' nude 
the h of tti»pt« by Jt f R 4 % %%mmm m%4 4*11# #4 ip flit 

appliest ol to ttir wuvr mrniltris as ^41 1 ^ !!«* 


tin maw mimUrt*.* *>i the tltire critical absorptions in the I, series of 

tiil!il'4iil ,tie 

n s!iM 8 1 mm:\ * 4 u 4 » n.07<>c> ± :to, 

rarlf limittplii-I In In\ Subtracting these from the critical absorption 
vnt\r liiinibri m tlir 1C sent-, ami comparing the differences with the wave- 

liiiiiibn^ of tlir three a emission lines we get 

Wav# Neuii tilts, 1 'X X It! 1 


k ,4 

1 . i 7m,' 

* Itftftt 

K«i 

17ii:« * (i.(K)i 

k:S 

- 1 «i}C. 

*- Hint:! 

Ka* 

-USH/iH -fa a.(KK)7 

K.i 

- 1 tWIil 

* mum 

Km 

Ui.* * (t .02 


It iifijttntrs tSiat 111 cnett ruse the difference lie!ween the K critical ab- 
% *t»i jit it»it wave mimiter iiitit one of the 1 # critical absorption wave-numbers 
rtfttitls tlir wave mimtier of one of the « emission lines to within the limits 
of error of iltr iitriisttfrittritls. This agrees with the results obtained 

t*i % 4 vinif It tlir atmve ittnit totted effect clue to elliptic orbits exists 
at nil it iipjtent^ to tie too to detect, with our present methods of 
ftira^isfriiiriit s, m atoms of m high an atomic number its that of tungsten. 

Ttir c «ii tlir t lilt it faint line* m, and the agreement of its wave- 

imiiiliri wills tin* ditirtisitf ! ludweeti the Ka and lari wave numbers is 
a point t*l ’*«»iue tliruiriii ai iiitetest, Acctuding to Sommerfcdd’s theory 
tfl rthptit oibit'i the K>«* line t. due to the transfer of an electron from the 
b **t hit to tlif K ojI♦! 1 1 it the t, orbit h circular, and the K m line is due to 
a Mtutkii It audit, it tin I, tiilnf is elliptic, The difference between the 
%%d%r ittiiftbri *, of and K<ij calculated from the formulas he gives 
* iloicfsiH mnJ un$ t chapter a) amounts to 0,1072 X 10*, and 

flic. 4 i:«rr. trii melt 111th onr experitneiitid value for the same difference, 
iiaitirli « m Ui%a |§o There apjieufH In be no explanation on this theory 
lot fhr ilnul mitral aleoiptiiiii, I„a M tit the L series, nor for the third 
tinr in lit* K rmieaon series. It would %mn to be necessary to as- 
\ti!fir that Ibrt# ,#fr at lea - f two L orbits, 

ft# \w ah t^«fr%|iofiifni4 b* K«ti seems to be quite wadi marked on the 
nine** ir|tfmg sjtcetia *»t higher order than the first, especially on 
that frptrMiffing tlir h*mIII untet, The line is very faint, having only 

aitoilt 5 Of tlir ffftrfrtH of the Kr*i line. 

The fv/I litir ts ti» ir due to electrons falling from the M orbit 

iof in bit„ * mh thr K orbit We nnt not test the above frequency differ¬ 
ent! r Im 111 the* ditretlv* tor the critical absorption frequencies have 
tea J#rett ittrwaited isi tlir M sene* of tungsten, Hr. Stenstrbm, however, 
Iran » 4 «n%r 4 Ilstrr «nthat d^mpkm wavelengths in the M series of 
ttuaiuiu and mmmw Hr hm mrmmtl also the wave lengths of emis- 
*aoii lines in tlir M *ertr* of uranium* thorium amt tungsten. Since 
I fir frkttir |»r.it(nm of tlir critical absorption and attain of the emission 
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chemical elements, wo can estimate appt«*\iiuutc!\ when* 11 if• n itteal 
absorption wave lengths lie in tin* M ^citr** ot it ^Likiisi; Iks 

estimate, and calculating the finer cnltcal .ikmptnm «,!».« numb* i% 
we obtain the following values each multiplied In !o i t 

Mai fi.bVJ M.t/ tU.o Mu h' 

Subtracting these from the K absoiptsoil wave mmd« t, .»ud * 'mipunm; 
the differences with the Kff emission wave iiiiiiibf i nr r* t 


Kit 

Msn 

;»ttH 

Ka 

Msu 

a i.vj 

K;t 

Mm 

;»iai 


(hie of the differences between ah »oipit*m w,n« mlink* ka M *, 

lies very elose to that of the R4 hue I hi am* 4 tb.o *k § v , x lp lt 
due chiefly to electrons falling Itoni tin- thud M * *i > at t - * $ \ % k mbo 
If electrons also fell front the second \| ot bit o* 0a k * a * at tk \ & < t«dd 
produce a line on the shot! wave lrni;fh el* m *b» o*m. q*l* k * ko 
Faint lines on the short wave length ’ 44 * ’> «*i ik K, bm- h 4 < b< *u 4? 
served in the sjartru tit a it w *4 iln < k me ,4 * a mm? > !<a% »?«ats 
number by Mr, Iljulnuir untkm,; tit Rom , *a **•. b *m I-4 -.i 4 . e 
The separation of these component * 4 tin Is i bn* o m* * b - b<* 1 ,r*’, un? 
to a small fraction of 1 * f * 

According to Rnbinowtr/* Finn tph »*i f *b tr ,, u .0 n , * * 

trims front the first M orbit to th« K otbii Mtw.m u*a v- , ot 

The faint eomjtommi that lu» butt .»i w 4 ) a.': . 4 ’ ?e r A Hi .Ju • 

Itnd lljalttli.tr oil the limit wave length ah o? Cm k » be# m C,<* ■ <, , i t 4 ,3 

a few of the chemical element , iu po da s»*d k, 1 '?o. !.♦?'< \\ * t ■* .« sm, 

from his theory of elliptic orbits. 

These components of tin Kd bin .«< < < «* c - s o * 1 • * c - > .< 

Uinties in the d jwsiks on out % m u - h$: 1 oal 

Home vent* a^o kov*» I uecr > t* 4 tT it Cm -bn* 00 ^ ; < * ?. : f , 

qtieneies lor wave tiiiniliets ot tin ka mid k <1 "00 ^ o 1 . «a tu i . 

11 line in the 1, veties It e nrll th it *4 * o : a * /' , ( b t .h 

jircedfitntely title* ts not quite non t \o »%pb,n e n .4 1 i b, , %«| . 

ttiity be found tit th« atpj^istiitat ihnt *>U Cn n , * * c, r n f 

line ntm not come lorn* the '-nuc M ^ilei % v . * | * <M» 5 i f 1 r-f : ,4 4 O 1 ! 

k/l Itnt%« ? 1 h 14 A, fhtfti'ioitt ind t4i# -a ^. o * 01 ^ , ,. fd* ! f t u* 

Amefiean Rhysie.d HoittU ,ni .nioinu hiu- ^ C \ 

Unit tk wa\i sttttnk c* ot Itir f «« . }. #„ .oel ! b Jm, b „ 1 if, „ 

itittt equal the iltllVintir ( ketuei it itftAm n< do : n^A M «o y ,- 3 . 

lion wave ttltlttbrr ^ TSti-sr Irintmt. tu,a b* ^ i! * v 
ecjttat ions; 

k*t| Mlt| ’ III!?.* k*4 . $i*i[ I , *# - .iioi ! , 4 ', 4 1 ,i . 1 

In t Cl Ills of tile transfer of rlritoain rrn a bn s \%<r \* < ,/i* .0 -v. 
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that I lie 8 Lo . L<«; and Mi lutes an* due to electrons falling from the Mi 
amt \h 01 hit < nil*» b orbits. whereas we inferred above that the K(3 line 

« 4 *-> iiiaiiih due 0* clnifuiin idling from the M : ? orbit into the K orbit, 

V tough * jii.in! it at n r tr’.i toi this explanation may be obtained as follows: 
loom 111 r dhtfxr l hi re equations and the three equations representing the 

11,111*441% 1*1 rii-» tom « producing die Kn and Kd lines, namely 

Ka ha kii , Ka ha- lv«- amt Ka • Ma.i - K/b 
tti g« I till equalf**tO 

K««-. * loi; K,i M,i M.ii and Km. 4 Mi K|i ^ Mu,, * Ma*. 

Tltt* left hand ttiriiibrm oi these equations have the values 0.0 td and 
it 040, frsprtitvrh , 1*4 tungsten. The right hand members, which are the 
iliilnriiiTs brtwern quantities tlmt we have estimated by extrapolation, 
Inn r the % ahir-. 1* tKtu anti 0 02 b, respectively. These* small differences are of 
tlir same on In of magnitude, which imlieates that theexplanationisapproxb 
match iitfint We tine*! fritirtutfci, however, that the M series is prob- 
abh tttotr roiitjiliratn! than we have supposed. There are reasons for 
lirltiw mm h»t instance. that another eiitieal absorption exists, of slightly 
lit|4' 1 1«“ 1 Itrijiten* >1 than Ma 

The toiti/aiiott .|*ts fiointUrf tntnishes us a method of approximately 

(■• ■*,!tin,ilmi? lie tidalt%r intensity of the lines in X ray spectra. At pres 
nil, ItifWmre we atr not able to cm reel for the change with wave-length 
tit tin' ,ib-uipiiMfi ill the lavs In the target, the glass walls of the X ray 
111 1 it** and i»ffti/,ti$oit 1 liatnftri, the reflecting crystal, etc, Nor do we know 
r\,n 111 how t h»* twflirtrit! of felled ion of the crystal varies with the wave 
Imgth It 1 n»*t Mm theivlure, to compare spectral lines that differ 
vet 1 in 11# li it out r ill’ll iitltrf tsi wave length. 

til estimating the heights **t the peaks corresponding to the tines of 
Ilir K srties 111 tlir spectra «it the first, second, third and fourth orders 
!%♦ ln%r affix 1 »t at the following titttttltcrs representing approximately their 
trial tv* intensities 

*«> *0 **t d > 

liilririll i '*» hMi :ta lb 

t! iiitfir’.Img to ii*#tr that, ft wr apjih SommerfddX theory of the 
irlatnr ifiiriniii d Inirs t Xhmtlun tiitfl Spektrallimen, chapter H) to 
thi» 14 ttn#I o, liiirv, rnr get rtflin *1 • 2, or 2 , 1, as the ratio of their in* 
frir-stm Mot 1 %]itefiiftritix taxor tlir latter ratio, 

III ill mldfr^, drlnnrft at tlir St bonis meeting of the American As- 
',#»* $,§§§<iii tm tin Adi an* rittrttl *4 Setrnee, last lMember . (see Science, 
yf #$ i yp ptgic |» iO l4 K»iie *4 t§\ presented a set of calculations of the K 
11 itn4I jtiM4|ffioii trs lor a number of chemical dements, The 

»s*l% tilaf i*«tii «rir 1*4 *nt >tii H#tin'o theory, mailt the additional assumption 
Iiwt tin* rlr# Ison-, line ilrdtiliittril among the orbits in much the same way 
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as they are distributed in the layers and shell' >>1 the h* wjs Luigtmiir 
static atom. The ratio, v v rJt , of the K critical absorption tm|tnma 
for tungsten to the Rydberg fundamental frr«j»ciic\ *•. ,.Hs a. - ojdim; to 
the theory, which is exactly our exia-rimruiid \ aim- «. tab}. ! The 
agreement to four figures between the two value-, mu a W u naided ,c a 
matter of chance, however, as the emus in Itoth the « vj« iimmtal and ,-at 
ctilated ntnnlH‘rs amount to a fraction of 1*,. 

1 See Sommerfeld’ji paper cm flit* lint* struct life *4 thr A litre \t $*n-. ns* I 44*lr*?w, 

June u nm mm). 

9 Professor Sieglmhn kindly eitiiiiiiniiir*ilr«t thrw »r*tdt* l»v ii-ftn 

3 Physik. %$., It, HUH MU 4lMk 
« PhiL Mag., June, Wi) (UOh. 

8 Cam pits Rendus, May *M t II'WO njMuh 

1 Sits. Bet. Rnyr. A tod, Ifiirs,* Jiuir, HUH 
1 Since this explanation w iu ptewtift d !»* llir h **i*u 

hy W, Koisel ant! A, Sommer fold i/fth* huf$ Hi* 1*1* , \ns> Pa* * %*&% hr4 *$•> 

In these papers the mmr exphisMtinu fro tlif di*.c«r|r4N« 1 c* dr.* * Um* hr** 

forward* 



Ifpflnfftl tram flw* i'fwfsfiliiiii mi fist* NvthfNAi, Apamimv «*f Sciknckk, 

V®1 «< Nw •*. pp H-pifiHtin, l*>.*0 

» 'f/.l/v b n-Kf''Ut ' ARSORI'llOS OF X-RAYS: I. SERIES 

Us ttif.UVM I M'ANIi AND R. A. PaTTKRSON 
I 4 i- \n i vo;\ i • >r I'iivmcs, Harvard University 
A ugim HKI2 

hilu\ltuli,'»i c’ntie.d absorption wave lengths associated with the 
1. series of X rav . have tu tu measured hy H. Warner 1 and M. do Broglie . 1 
These scientist■. have investigated the sjieetra i>f ten of the chem- 
ie.it elements ttmn tungsten to uranium, both inclusive. Kaeh employed a 
photographic X i.»v ijnetromrlcr with u rocksalt crystal. M. de Broglie 
found two riitic.d absorption wave lengths characteristic of each chem¬ 
ical element except, in the can* of mercury, for which he gives only one. 
Fm bismuth, thoiium and uranium he found a third, weak band. 

In the une**ti»;aiii*n rejmrted in this note we employed an ionization 
speetmmetci with a ealeite crystal. We found three critical absorption 
wave lengths chut act eristic of each of the nine elements examined. 

A biief dfieiecion of the Iteming of this new data on certain empirical 
law . and uu iceeiit themie<, of the meehauisin of X radiation may be found 
m the i oiuhuhin: jiaiagiaph > 

.Iff.iM.'in situi Mtih.'J of \L> tom-metd, A detailed description of the 
imn/attmt *j» > timm tet and the tnethml of using it so as to obviate certain 
earns of m» a am uu nt ha*, la i n given in previous articles.* Theta* arti- 
i Je*, al o de i ala* the plant for generating and controlling the X radiation. 
Two X lav tidies have lain employ ml, each cquipjied with a Coolidge 
cathode and with a thin glass window* blown in a side arm. One of these 
tul«*. emitamed a tungsten and the other a molylidemtm target. The 
cum id i vi thug the tidies came from a high tension storage battery. 
The imu/ntiou ehamlie* contained ethyl hromide or methyl-iodide, and 
sometimes a mivtuir of Imth, 

In ima'uaug a nit lea! absorption wave length we place a thin sheet of 
the * hr urn a) «hm< til to la* investigated (or of a salt containing it) in the 
path of the la-am of rav*. 1s t ween the X ray tula* and the first slit of the 
sjn tiometi» \\e then me a-wire the ioni/.ation currents for a series of 

pmihmr. of the *t vital l oiresjRmdmg to wave lengths in the neighbor¬ 
hood of the nitii a) values. From these measurements we platt curves 
representing the i.m/ahmi eurretit as a ftmetinn of the crystal table angle 
fw fig - f and ;' - At a critical alworption [mint a sharp drop appears 
on the rum , indicating that X rays of shorter wave-length than the 
nil it at value ate alisotlwil by the chemical element to a greater extent 
than X lays of longer wave length, For the two strongest absorption 
band* charm icmhr of rarh element we have obtained the curves on both 
sides of the crystal table zero, The angular distance tietween the mid¬ 
points op two rmresjwaiding drops gives us twice the glancing angle, 9, 
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in*111 ttlfii'Ii mr <-< impute tltr wave length* A, by means of the usual formula 

X ■ ’ 2 i 1 X sin B t 

ttlinr J is ihr distance between the reflecting planes of the crystal. The 
glancing an^le lor the Iliiifl ami weakest absorption band has been esti¬ 
mated In mfrlni c<*inp;tris»*n with the neighboring stronger absorption 
di»*|» obtained ill the same series of readings. 

Hifa * ** uuva : l able 1 contains the results of our measurements. 
For jitnpo>rs ot coitipaf ison we include also the wave lengths given by 
W ague! 4 and *lr Broglie flic angular breadths of the drops vary from 

X-RAY ABSORPTION SPECTRA 
L SERIES 
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thin t.i t«-n imimit . u| ate atvoiding to eimintstauees, ami we iHilieve 
th.it we . .»n i .titiMtr thi' jhf.itii. ii». of lheir mitres tu within ten to thirty 
si ruml >. ih j* tiding ttjton tIn- magnitudes of the drops ami the regularity 
ut the i inM . i <tn ad« latinm. u( this kind havi* given us tin* estimates 
<4 the ,ii t in-n s *4 i .irh im-a ain im-nt recorded in the table. 

/vV/vjfur 1‘, ;ir*». .■( l wi ■(<>» iii uS Ahwrf'luni UVur lengths. In tlm 
.iitn lr nit itrij fu iilmv«• thr authors have called attention to the fact 
that m tin .u< tutor-ti n oil tin* absorption wave length, <h, is slightly 
shut ti t than that ut ihr highest impirtirv emission lint* of tlu* I, series, 
mumh. *»< . thr absorption w.n r Irugtli, <o, is a large hurt ion of one 
pt t n ut lums t than that «<( tin* emission line, ri'< und (<J the absorption 
wat i length, i , r. a huge fiat turn ot one per rent longer than the emission 
Irnr, ,r Thi imastm mints un which these conclusions were based were 
made under the %t»»u* rtjirt iitantal is unlit ions for lx>th the emission and 
the absorption lines We have not measured the I„ series of emission 
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lines for chemical elements of higher atomic niinil h i < than ili.il 1*1 tungsten 
with our spectrometer. Hence we cannot make a • I it t-i-1 »•« nup.n ist»u | lr 
tweeti emission anti absorption waic lengths «it111«•#I tutd« ? the -nunc 
experimental c<mditions for these dements. It nr take tin- woe li is^t*ta 
recorded by Siegbahn amt hViittatt. 4 lift*I that m *ati \ able |s»i 1 f* r 
absorption wave-length, /ai j, is sltmtrt than that »»t tin ruusm»n line, \ h 
for each element ami that the diflrteme between tin t w »* tic tease*. .light h 
with the atomic number; Up our value im the abrupt am ium length, 
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til tile wa\e mimlters I X, or of the ratios of the frequencies of vibration to 
the Kv<ll*ertf tuiuhimcutut frequency for heavy atoms. In his classical 
memoir* tin tlir wave lengths of characteristic X-rays Moseley called at¬ 
tention to tlir tact that the square root of the wave-number (or frequency) 
til a line in tin' X rav sftertntiti of an element is very nearly a linear func¬ 
tion i»i it*, atomic number. To test this relation in the ease of critical 

T Alt I* 8 l 1 

I’li 1 Hi \t„ Wavk^Numiiuks. h Seriiih of X-Rays 

Vuttirn i»f t/Xmulof VT/X 


* fcfi.ftty* I * I - 1 

1 *** «*»> ¥ f 


t/X 


v'tA 


MWimiSNewa 


Tlillii-.Irll 

Jiftlmma 

I ♦i4*t 
Mu* at % 

‘UmIiiiiii 

brad 

lirannili 

taaiiniiM 


■;<* 

so 

H| 

s,? 

k l 
til 

u2 


ll KJ 111 » t 

ft nail *a 
if niiat * 11 

11 0033 * 4 
1 0220 * a 

i oraiisa 

1 ohoi 4 :s 

1 3)04* ft 
1 :iMfi2*a 


« 0077 

0 0005 
» OH 14 
0 0000 
1 0U4 

1 41202 
1,0117 
1,1473 
1,1774 


0.0147 » t 
0.0140a a 
0.0182 * 4 
0,0148 1 4 
0,0148* a 
o.mai»a 
04)151*1 
0.0151*2 




1,111 


TlWig’sl* 11 | 

;i 

i 0 «:su.l + ’* 

0 0050 


7 k 

1 0“’.*K*i 

1 .oaftH 

t #«||| ; 

70 

j » nan ' t 

1,0515 

Xlciniii | 

ft! 

« 1 iwiil 

1,0721 

Yliiiliniw j 

si 

| I i«H3*ft 

141001 

brittf j 

ms 

j I i'W'. 

1.1088 

HfttmuHi j 

mi 

; i ;!VfM * 1 

t 1271 

1 

on 

1 1 

1 mn 

tCf iiitittffl | 

02 

i i «Sf»ii*X 

f 2000 


1 


0,0170*1 

0.0187*4 

0,0170*4 

0.0180*5 

0.0187*5 
0.0182*5 
0,0102* t 
0.0103*3 


|%t iftiiiit 

I 

Xlffciii f 

YHalhuw 

bend 

llj*:||||l|li 

I ;? f iiiiiiiii 




n 

it 

077 * a i 

0 

088 

7H 

1 

1255 *12 

1 

iHUni 

ft 

• 

1iI2 * 1 

1 

0780 

811 

i 1 

Turn* 1 

1 

MM 

81 

i * 

* „* 

1 

1142 

m 

1 » 

S8S*-lt 

1 

0120 

m 

! 1 

IfStH'*’-* 

1 

, ifttia 

mi 

i » 

rt.V, •* 2 

I 

, 2KU3 

02 

I > 


I 

,;w 




0,0182-*'5 
0 0171 * U 
0 0174 » 11 
0,0180* 15 
0.0178*10 
0 , 020 a *ta 
0,0102 * 2 
0.0200 * 7 


tlitlit w have estlculated the wave-mmilKTs and the square 
finite tlir wi»%r inmiSwr* for all of values. Cohmm .1, in table 2, 
emiote* ihr wavr-uumltm and Column I their square roots, in Column 
fi m have tabulated the increase in the value of V 1 . X i«.*r unit increase in 
the atomic mmitter. It appear* that the* differences do not vary from 
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the average values of the ditfetem e « in th. u * 1 * 
the estimated errors, except in nw m fa « » » « 
\ i/X may lie represented u** a tun* tn»n **' ih* »! 

curve, from which the httlh itlua! v dm d»» m t 
experimental errors. In tin* utw *»i th» ?4 r .* 
differs a small amount from a *ti a lit bm in 
/.Uy and /#if 4 !, however, the ili|uit»ii m 1 . > * 
to lie ntueli greater. A urn nun h m* o m ’ 
the linear law has hnii not* d til th* < t c > A, 
queneies associated with tin a.t > i i 

from the straight line km !i v i lw < r * «</* 2 * 
mass with velocity of the * l< mtott * * nu* »*, ,5 * * 
X rnvs. 

Tin* tact that the wtlttt n % \ 4m ,, 4 i 
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Judging 11**11! this data abate, there is some quest ion as to whether the 
1 'imsMitu litu- / A. hrhm^s to the absorption difTerenee La 2 .Men or to 

/.«h Mu.,. 

Nil viiunmou hues have been observed in the spectrum of either thorium 
in uranium that rt.f irspoitd tu the other absorption differences contained 
ill the t able. 

In*111 emission lines lane hern found by Siegbulm and I'riman in the 
spt et 1 a *it both thorium and uranium in addition to those contained in 
util i able **, immicK » riurim, and Vo* The way in which the frequencies 
of file tin*', un iltllrtiitt chemical elements vary with their atomic num¬ 
ber , 1 and the ir-tMidii • ot Weledci and l'lark' ,,B on the voltages required 
to jitoilni'r tlir lutes in tlir spectrum of platinum indicate that t and ft 
bcloie ; ; to fhi- ■ .iiiii* X ui\ gtotip as oj and and therefore also to the 
ntouiptiojt / a., * # i belongs to the absorption La». If these 

Inn *. oh r tlir it cqimw r dtltcrcner law, there must be critical absorption 
tt.n* length, at \ 2 ri' - lit bm anti at X 2 , 2 d X 10 8 cm. for 

tlioiitnn and tit ainisfii, trspecthrh, to correspond with the emission 
line I Tlir or w nr <• Irtiid !i*» tie m it Iiiii the range of possible measure - 
in* ut n but I he .pert nun its I heir ncighhoihood lias not been examined 
ha iHtnaS ab oi|ifioii r*mtthnl\, them should be critical absorption 
iuu' Irinqfir at X \n 2 - |u ^ cut. for tlioriitiii ami at X 15.8 X 
l!"i 11 iip Ioi niafiinin !♦* cotrrqitiiid witli flic emission lines ft? and 
TTt# a eou* hu/th , Imiou* In' bevond the range of wave lengths that 
tan hr tin mined u pi* i tit b\ mean * of uystal spertiometers. 

li n milt iiio»n ils.it lb da*** theorv nt radiation explains very simply 
tin alwne irlitioii Irlttirfi riiiisrioii and absorption wave numbers. 
The tsTttjom femmti, lioiilil not be absolutely exact, if, as Sommerfeld 
siipjn*•»!“*, eoiiir of !he atom * roiitafii M osbits that are elliptic, and other 
atone, m tlir same *hrmieal element contain M orbits that are circular. 
In itsi-i «*a ,e tin i. ah jdton diops should have n complex structure. We 
liair not lirnt able to i#Sr*rt%c airlt a Miueture in the drops on our curves, 
and tlir riba I nurd Ir «a» rcdittglv small, if it exits at all. 

The*♦trie* two r )wri» dr%elo|aal bv Kublnow ic/, ltt and Bohr, 11 according 
to mliirli ftatedets of t in trolls tu tween certain pairs of orbits cannot 
take fibitr li »r apply ft«ew themie?* to the data contained in Table .1, 
we liwl that at* * tiding to both theories the transfers represented by Mat Iaa x 
ami drip i.Ai should i*vw. As n matter of fact, the corresponding lines, 
t#i unit ft, ate tlir ?4foitgc4 hues in the L series. According to Rubi- 
now tr#% the on tlir itatmfet Mu* T«$ rftcntld occur, but according to 
JMnX fitrotv it should not, unless the atom is in a field of force. The 
line, n u has Item observed, but m relatively very faint. 
According to IpiIIi theories the transfer Mur /at* should not occur, and, 
m noted ;tb«u% tlir ex|rf intent* do not indicate conclusively whether the 
line ft to thi* roitiSdiiiifioii nr nut. Both theories allow the transfer 
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May-Lau but no lint' correspundinu h* it h.is be*■« «*»•■ ■*'*'' *« The r 

Ma x -Uu can occur according to Kubiuouic/ • tfu.-n, but n«.t a<.s,i,l mK 
to Bohr's, and tlu-rc is no line t„ con.-pond wttb n Hi.- .ah,, 
fers, involving hi.>> arc not emeu-,l in the the.-u »•>» s« >!.«■■, ii„i m ,j s 
present form include a thiol / orbit. 

Smmnt'rfdd's l.-ihmNd ihr>v. S,m,*,1 h. 
tcresting theory of the split tine *«!»■<> / < * ■* . mi 

the I. series doublet. An account <4 he. o.c oo., 
book, Atomban and Sjiehtrallimcn, i h.tpt, i V 
the. difference in (requeue}, Ar bhu« u the s« t «n 
to the difference lietween the rttriv'iv ot el.,ti- n, t» ,n . .*.**!,** 

orbits and of electrons traveUiu,; m elliptic .-ibu 
posed to have circular /. ft hit and >'th> i • 
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Tahk- I contains thr observed wave number differences of the L doublet, 
with estimated euurs of exjieriment. and also three sets of computed 
differences. The values given in Columns 1 anti 5 have been calculated 
dues'llv In the abuse formula ill without expanding it into a series of 
ascending jmvveis ot />. it would Ik* necessary to use six or more terms 
of such u scries in order to attain the indicated accuracy. 

the differences between the observed values and those computed, using 
Sojuuicrfrld s value ot 11 .1 ti.l, all have the same sign, and are distinctly 

greater than the errors of measurement. The values obtained with n = 
a I.', compute more favorably with the experimental results, and in¬ 
dicate that with is A Ct the formula would give the observed differ- 
enn*s. St-, within the limits of error for nearly all the elements container! 
iti the table, hvrtt in this east* there appears to be a small systematic 
variation ltd wren the theoretical ami exjierimeutal frequency differences, 
as though the formula were nearly but not quite correct. 

Hie constant *1 represents the repulsive force on an electron in the L 
"• bit due to the elect runs in the K orbit plus the force due to the other 
electrons in the l orbit. If rq anil >h are the numbers of electrons in the 
h and the I orbits, resjx*etive1y, « *■ iq f- ,v Hl for circular orbits, where 

4 1 l ' " bar 

'1? Z easee 

•1 * ■* 1 n 

The v ahte. o| v, tor elliptre orbits is assumed equal to that for circular 
"tbits. There are, however, no values of rq and iq that agree exactly 
with the empuie.d values it ;l dtf, :t la or 11, Cl. For iq ? 2 imdM» ■ 5 
we hau « b hs (Miter evidence of the distribution of electrons in 
atone. mdi> ate. that this arrangement is highly improbable. 

A-* a matter *4 far t, the theory in its present form does not take ac¬ 
count 1 ttiircb ot the mtluruec of all the electrons in the L orlrit itself. 
When one electron 1. reiitoverl from this orbit, the other electrons change 
then jrusiiton. relative to each other anil to the nucleus. In calculating 
the change u> tin atom's energy euvolved we must take account of the 
change m their energy also, A moditleathm of Somnterfeld’s formula 
which include*. thi s* energy changes may lx* obtained by taking the 
product of u, into the value of the right hand member of equation (1), 
with 11 ** »q 1 i„., and subtracting from it the product of w* 1 into 
the value of tin satire expression, with 11 *> >q 4 * .v*, o Before cont¬ 
inuing wave uumlni differences from this modified formula we must as¬ 
sign definite value*, to iq and iq. This gives a sort of theoretical value 
for ». 

Column »♦, in Table f, eontuirts wave mtmlrer differences calculated in 
this way with it, - 'i uud iq *> 4 , They differ uniformly from the ex¬ 
perimental results by alantt T |. 

The alxive •niggi-stcd alterations in the theory, however, do not obviate 



certain difficulties (discussed hy Soimm riVld in his b<*ok i that mr encmm 
ter, if we suppose that tlu* orbits all lie in the same plane i’ovdtilv these 

difficulties will disappear, when we studv uioic tlntirni^lih atomic models 

in which the orbits do not He in the same plane* 

1 lb Wagner, , I tin. Phyuk, M.tieh* PM A ?Hiis 

3 M. tie Bmglit\ J. Ph\’<itjtu\ P*m*> Mav June, into < lot , 411*1 1 li | 

.SVi., Nov, IM, HIM* m'O, 

I Blake and Uu»tm\ Phv\n , AV , I*m , mb" >» M md finite »«, ‘ft?? ? 

mm 

4 Siegbahn amt Human, Pint \hu, , / \|»nl, } u*» j.‘» md \ *n\ u 

(197), 

!>. L. Weloter, Pt*h \* i ! h ad, V 1 , libj< n* b 1 , I m WW .*#, 

# Ihliine and llli, Pfivm AVr , |tmt\ CMS j IKK* , and l »** mm Wt 4 nd frn me 
anti ShimUti, Ibitl., In h , PJP* > 10*0 mil 11*4 , Hi 1 ! ,.rv 
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OX UlE Hbt A UVl' VOsUlOXS AND INTENSITIES OF LINES 

IX X KAY SPECTRA 

Mv WtlXIAM Duank and R. A. Pattbkson 

jNrnUKMN t*ftVWC4*» t.AKlWATimV, HARVARD UtOVKRRITY 
Cwnmawlnitifl August 17, 1030 

of I. >mV< Lima, wave-lengths of the lines in the L 
nrrlr»» <4 X ravs have lawn tneitHured for a great many of the chemical 
element* Uy Sfoghahn anti Friman . 1 They have published graphs which 
represent the square roots <4 the frequencies of corresponding lines in the 
spectra of different element* as functions of the atomic number. The 
graphs for the lines I* n f , »%, 0$ and 0* are very nearly straight, indicating 
that the square root* of the corresponding frequencies are almost linear 
function* of the atomic number*, where** the graphs for the other lines 
are curved, indicating a marked departure from the linear law. This 
would seem to mean that we can divide the tines in the L aeries into at 
least two group. 

In Ms work on characteristic absorption de Broglie* found three critical 
absorption wave-lengths associated with the L series of gold, bismuth, 
thorium and uranium. The authors* have extended this, and have mea¬ 
sured the third critical absorption wave-length as well as the other two for 
the elements they examined from tungsten to uranium both inclusive. The 
fact that three critical absorption wave-lengths appear in the L series of 



each chemical element would seem to indicate the existence of at 
three distinct groups of lines. 

The researches of I>. I.. Webster utu! Hairy Clark' m the voltages 
required to produce the various lines in the / series of platinum ami on 
the way in which their intensities increase with increasing voltage eon 
firm this, and prove further that the tines p t . •>, am) prohahlv >, Inlong 
to the second group, 

The modern theory of tine sjavtia. also, scene, to indie, a, i)n -.phlting 
iq> of the /, series into groups. The differences in ft. •pu m v Mwccit 
certain lines in the first group and corresponding Sim , m the m eoitd group 
are very nearly equal to each other Then pails ot hm with n« arh 
the same frequency interval are >i I, J, ° f , ,i, and * f: f i Sommet 
fehl” explains this division ot the /, senes into group, with a ■ oie.tant 
frequency difference on the assiuuptiou that oitc group of Jim e. due to 
electrons falling into an /. orbit that is circular, ami that the othet group 
is produced by electrons falling into an 1 mbit Hut e, elliptic The 
equation he thrives from his theta v for the magnitude *.} Hie m.pirmy 
difference fits the facts with considerable pin idon 

The following facts imheate that flic entiv d ah».ptii.,n /,, t, r },,„ h , 
to the first group of lines, ami that the tidied absoipn«>u / a ; belong., 
to the second group of line-,, Firstly, the wave U u,;th of Use *iif». ,4 
absorption /,.r, lies not far from that of u«. h,,, of h*»rtt .1 w.nr length 
in the first group, and the wave length oi / if. he , el<e,i- {,, 1 h tf o| the line 
of shortest wave length ill the second group. Sccntldlv . a, fhe ,odht>i s 
have shown, 1 the square root oj the m-qtiemy of i,,t 1),, ddfeieid 
elements is almost a linear function of the atomic muitU-i, while that of 
/aq departs from the linear law in the same wav as do flut e <<| th. , r tt«ml 
group of lines in Siegbahn ami Fiiiuan’s graphs, ThiidK.the Impiemy 
ditferenee lietvvmt Lu ami /,«», equals to a high degree of pine,ion that 
!>etween the pairs ot line* »? I, (i, .»* and 7, it which wnr all imastmd 
by the authors* under the same cxfierittu-utui condition* f*»t flu- tungsten 
spectrum. Fourthly, the frequency difference* I* turn it ht c am! tj, for 
the various ehemicul elements from tungsten to tu anium* agio vnv welt 
with Sommerfehfs formula. Fifthly, the value* of the <ntu.d voltages 
of two of the groups of lines ht the /, series of platinum m< awurd by 
Weiwter and Clark 4 (namely, KI.J) kilovolts and tl la kilmoltsi agree 
very well with the values of the same quantities calculated bv the rpiantum 
equation front our critical ulmorptiou wave lengths fmunclv l.'UJii kilo 
volt* and 1 Uhl kilovolts), 

/teftfftw t*f Utm, It him twin shown by Dmme and 11 u 9 that 

the critical absorption wave-length associated with the h series of Khmlium 
is aliout one-third of a per cent shorter than that of tlie diortrxt lute (the 
7 line) in that K series. Furtlmr, Duma* and Steitstroin* have found 
that the difference between the wave length of lire critical alworption in 
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t(ir k -n ivs hi f mi^^tiii ami Hut of its ■> line amounts to about one-half 
of onr |mi cent. flu" *| Siiir having the longer wave-length. In the ease 
Hi each element tlir m«i\r lengths were measured under exactly the same 
exjwritiieut.il t*«*mhtt«>i!s, mi that there can lie no doubt but that the 
ei it teal nliM trftifoti wave length in flit’ h series is shorter than the wave¬ 
length of tlir > litir In, an amount that considerably exceeds the errors of 
rxficrifiiriit 

Tut fling to tlir l series ar find that the third critical absorption wave* 
length* ! a4|»|«ut . t»* hr hot let than that of the line of shortest wave- 
length in tlir ; a-tir *» tumelv, x*. 1 The authors 11 have found the 
tnSWttn: 4 alfir . ioi tlir* r wave lengths, /u 4 1.021 ** ll and 74* 1.0201 *0, 

in tlir »pr< tintn *4 tungsten. In the other two groups, however, the 
liittial alra upturn wave length*, ate lunger than those of the shortest 
wave length lute . n >|hs tivelv In the tungsten spectrum the authors 0 
found fin tin w or U itgtliN in tlir Hi*4 group L<t\ 1.2130*1 and ft = 
i guilt * and in tlir Meond / *i, 1.0720 1 o and 7*4* l,(Klf>f>*4. In 

1 aeh *,**r tlir dttirfrmr la-tween the two wave lengths considerably ex- 
1 mb lilt r itiill itrd 1 flora *4 r\pritiitrttf 

A*. the irhitiir jio*afi«iii of these etiti^ioti and absorption lines appears 
to Ir a ttwiiff oi *oieadr table theoretical importance the authors have 
irfuMlnl flail i %{«ifitnnts hi 4 lighth different form. To make doubly 
♦,inr of tlir 1.11 f; tbrv have taken the readings so us to show the position 
of flir mtii al ale.ofption and those <4 the emission lines on each side of it 
*ni o$ir and tlir Miinr curve The rxjxaimental mnditions were exactly 
tlir Mutitr .e» fleer m tlir 1 xja fiuiruts described in the article referred to, ft 
1 xerpt that tbr X lav fntu was turned mi that the rays left the target 
making a dightb mcdlri angle with its surface titan in the earlier experi¬ 
ment . Tins m tr *srd the ulisorptiuti nf the rays by the target itself, 
and nude tlir .ilooijitioit liioji in the curves more prominent. 

Tlir laitir in ligntr I trfffcsriti'* the intensity of the radiation (mens- 
iiinl In till i ottrfit’# in tlir X iav 'tjtert rounder'* ionixation chamber) as 
a function of the mMMf table angles, The drop in the curve marked 
m miiii-ijxfinbv 0# tbr tftftratt abruption frlottghtg to the first group of 
I sera s rutbm m lutes lltr .ilisurjitfoti of its own rays by the tungsten 
target alone {modified this drop, ?ra tin absorbing screen was intrcxluced in 
the path of the rav^ in this experiment, Tbr tall j»ettk on the curve 
fepfi^wrfff% tlir relatively *4mug nnivdoft line ft. Its separation from the 
ah*a*rf«ifotf dtop very well with the wave lepgth interval be¬ 

tween tlir two. railrttfafrtl limit file ilitta obtained in tile earlier experi¬ 
ments itiiinrfi" iin;?%4 * 2 The small bump in the curve on the other 
shir of tlir aliMtijitnai drop tr present ft Hie emission line, ft. 

Tlttm experiment prnvi s emtebisivelv that tlie critical absorption lies 
betwrro file tititvaoft burs ft and it * tit other words it has a longer wave¬ 
length limit that of A* 
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The* positions of d;» as determined from ttit iiuMwiintirnts i»i t Hrm* 
and Siegbahii w are marked above tin* etuir in ftcmr ! VceMrding to 
their measurements this faint line h.e* a mate length 4 m ill ti uimti »*| 
one per cent shorter than out value* which wmdd la »n; if -4 ill nut Sin 
from the critical absorption in the direct it m of dtotfrt « .n* length . 

The curve in figure 2 represent -* the qtcctnun of tun,; -fin in fhr tttmjf 
tnirhood of tlu* critical absorption /.u- The diop i m i< ‘.pondtn* t«« the 
absorption and the peaks corresponding to the ) run hit* % appeal 
on the curve. The critical abruption be'- brlmcrtt the rmr- mm )m«*« >< 
and 7 ^ and therefore lias a wa\e hngth longct tti.iii Ibaf *4 % i * Knil's 
and Sicghulm's values for *n arc in exact ugt cement with out uihte't 

According to the eonception of tailkiltoti held In '.*niife«i*v the 

critical absorption wave length eoiresponds to the dioff m*t%r length him! 
of the group or series of ettttoattft lines nit ft which it is cited It 
this In* true, or, to speak inure ucetuutclv, ti the tniii ‘gyutip of bur'/' m 
defined in such a way that this is inti, then d- cannot belong to tltr in 4 
group in the /* series of X ruv% and >> eaniiot ItHovig to tin »*•* «atd gtottp 

The strongest evidenee in favor of Mh vmg that »!■ Iwhmkv to tl$r • auir 
tthmin $m\hmi>m that produce* the lines in the lit•>! gtoup up|*raf * to 
lie that the square rttol of its ftetpieitct tneieasrs ttom atom to atom 
nearly as a linear function of the atomic mimtief. cotten}«<u»lmg m fhc< 
respect to alt the lines in the fust group lint nut to those m the sect aid and 
third groups, In terms of the theory of utoon* otluf', the* means that 
electrons falling into the /a orbit produce the hit* %* u .c* tlin »tu at! the 
lines in group I, Wetister and Clark 4 found that ft. in tiir phitimtm 
*jHH*trum iip|Hsired at a lower voltage than that tnjmicd to pfmlttev the 
lines in the second group, This proves eomhisnrh that ft% cannot Mmtg 
to the second group. The enf^rtttteitls tm er it teal potent niR tiowrin, 
are not sniieinttly iteeuritie to decide whethei if- ujijtrurv at n*idh' tin 
same voltage as the other titles itt group I, for ^ is a weak hue, and lt$r 
different between Its wave lengtlt mml that of the critical afeauption /,, 
amounts to only tt.7 l ;< # , for tungsten We are not, tliriri«ir # coinjrilril 
to ttsiiittie that A cun lie prudttml hv elections In the X rat ttilr Inn lug 
quantities of energy less than Hint given fiy the fjitiuittiin iqualmm 
kV»to. 

The argument to favor of aupptmtog that the Him* ftcitt§tp to the 
wmltmkm that produces the tines in the second group rest* largely tifttui 
flit fitt: Umt for Hit various chetnfoat clwiicnfi Hit illitftitee to Iffqticitey 

iMwetn ti and A equals the frequency Interval between tlie Inti in the 
other paira betartgtog retpectlvely to the two group*, It * 1 *» equal* the 

difference to frequency between the two critical ali«*r|ilions JU% and 

Imu and is given quite accurately by iciitiiiiericlif i L doublet fmmmM, 

Hence, aecnrdfag to the theory of electron orbits, ft* in with Hit 
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otlu-i lint-s lielonxing it* the second group, is produced by electrons falling 
into the second, / orbit, > 

i hi the rxjH't iiuenhil anti theoretical evidence vve have reached the 
conclusion that the emission line ft, la-longs to the atomic mechanism 
that protluces tlie lines in the group, ami that y a la-longs to that pro¬ 
ducing the lines in the /,, group. On the other hand onr experiments 
prove ci inclusively that the wave length of ft, is shorter than that of the 
/,.ii critical absorption, and that the wave length of y t is shorter than that 
of /.« H- A somewhat simitar situation occurs in the sjreetrn of ordinary 

light. Here we have resonance ami ionization jxitentials. There is a 
difference, however, In-tween the character of the absorption of X-rays 
and that of ordinary tight. 

The I rest way of explaining these phenomena may lx; somewhat as fol¬ 
lows Let us s»pi*osr that the critical absorption Im\ corresponds to the 
transfer of an electron from the /.( orbit to the periphery of the atom— 
to an orbit then where it ran tint! a place to stick. This does not mean 
a ti.iH’fer to an ludelinitelv great distance from the centre of the atom. 
1 ’here in.iv 1 * iimiiv orbit-, outside that at the periphery, even in addi¬ 
tion b> tho.e that Iwlong to visible sjteetra. With the electron in the 
• abii at tin- ja itpheiv the atom i-. in a state such that by the transfer of an 
electron back to fill the vac.mcv in the /, t orbit it can radiate any one of 
the «• mission hue-. I, o., ih, etc,, hut not ft,. If, now, the frequency 
of the incident \ tar twain is higher than that of the critical absorption, 
il the «nngv «, is greatt*i than that required to lift the electron to the 
jB-riphm of the atom, it may carry the electron to an orbit further out 
oi even out ade ut the atom altogether. In this ease the atom would 
Is- m a -.tali an h that the u-turn of tin electron from one of these outside 
orbits would emit A radiation of higher frequency and shorter wave¬ 
length than that of the «-ritual absorption. This would correspond to 
the emission hue ft A similar explanation applies also to the emission 
line and fir /, mbit 

t’lmn this ja.mt of vn-w we would exjieet the eritieal potential for / 9 » 
to 1 m- siighllv higher than that for the other lines In-longing to the U 
orbit, and the eritital jmlrntial for y, to lr slightly higher than that for 
the fines associated with the /,»orbit. 

Further, on this tltemv. tire eritieal absorption does not correspond to 
the limit of the giotip, or series. It becomes incorrect to sjH-ak of the 
absorption limit," a*, llie-tr wolds are usually employed. 

\u an urate, quantitative test for our point, of view cannot be obtained 
without making qa-i ia! assumptions. According to our measurements, 
however, the dithieiive in frequency la-tween the emission line and the 
critical ,de-.(pit.at fm luiigsteit, each divided by the Rydlierg constant, 
i-« b <i for ft. / ,i., and A r. for *,» /air. These arc of the order of magnitude 
of frequencies a-.a* wted with the jK-ripheries of atoms. 
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The question now arises as to whether or not an L critical ionization 
frequency equals an i. critical absorption frequency. A critical ioniza¬ 
tion frequency represents the transfer of an electron completely outside 
of an atom. In the case of the K series of iodine the two frequencies have 
Ihtii found t<* !*■ equal to each other within the limits of error of the 
measurements/ lujierimeuts are in progress to test this point for the 
/. series, 

AV/ti/iic /*},*» u • The ioni/.ution spectrometer provides us 

with an excellent method of estimating the relative intensities of lines 
in X rav sjacti.i Accurate estimates of the relative intensities, how¬ 
ever, cannot tie obtained unless the lines lie fairly dose together. If a 
considerable interval separates them, corrections must lie applied for the 
changes with v.uvmg wave length in the amounts of energy absorbed by 
the aibstames through which the rays pass, etc. These corrections can¬ 
not lie aceuratclv calculated at present. Sjiecial precautions must be 
taken to make aue that no eritieal absorption nor critical ionization 
wave length lie . twtween the wave length of the lines to tie compared 
with each other These limit** to the aecuruey of relative intensity meas¬ 
urement*. present themselves in photographic spectrometry in addition 
to those due to the difficulty of estimating the blackening of the photo¬ 
graphic plat*"*, 

In the caw of a line that k not jicrceptibly broadened we take the 
height of tile pi ak corresponding to it on the ionization current crystal 
table angle graph to represent its intensity, This height must be meas¬ 
ured from the level of the curve eorresjionding to the general radiation 
on the two >nde > of the jieiik, and not from the axis of zero ionization 
current, 

Two jieak * apjiear «n tlte curve in figure l, corresponding to the spectral 
lines (U and A Tlte ratto of the heights of these two peaks is 110. This 
tumtltrr, however, does not represent accurately the relative intensity of 
At to A. for the critical atworption of /.a, lies lietween the two emission 
lines The target alisorlw a greater fraction of the X-ray energy in the 
neighborhood of A Hum it doe* in the neighliorhood of ft. In tins case, 
therefore, the ratio of the heights of the i>ettks gives us only an upper 
limit for the ratio of the intensities, A cannot t* more than 116 rimes 
se. intense as A- 

The curve in figure 2 eontaius four peaks corresponding to the emis¬ 
sion lines to > 1 , and p. Tlte relative heights of these peaks are repre¬ 
sented by the numbers ttMt. H, 18 and 0. These numbers have not been 
corrected for thr errors due to absorption, etc., so that they give only an 
approximate estimate of the relative intensities of the emission lines. The 
lines y* and >*, however, Ue very close together, and the correction must 
tie very small. Since the critical voltages for all the y lines are not quite 
the mm, their relative intensities depend somewhat on the voltage 



applied to the X ray tula*. This vv,i- v>4t" l'h> ,%j>j*Jt«*! v ,4u,-,- 

lies so far altove the eiitieal voltages luau vi i. tin* tin- i?b,t dm j., 
variations in the latter do not amount to n» turn h a * rho i- (« t « rut 
Figure 2 in the paper referred to above' i ontam-. «uim - u jui nttnii 
the four strongest t i lines. The height*, of the \» iS. . ...nr■.p.<«d)»g t.» 
do (k, and d» are proportional respect ivtU to the ioind’> t loo, , j<; 

and SI; tlu* voltage applied to the tula* in this < vjn r ton u> t«r■»»,; ;’!,‘».ou 
volts. 

The ratio of intensities of the two « end >ton lm> p«. *, <.p,-, M | 

theoretieal interest. Summer fvltl ‘ has developed a ih«<*n who h podt, t 
the relative intensitv of certain lines tit the javtimn IU apjdvun; the 
quantum theory to electron orbit*. that do not he in tin ,.»m« plane hr 
finds that the number of juislitious whieh the plane ot an mho , ,m , uj H 
is greater .by unity than the quantum mmiUi ,» '..mated with the eh , 
tron's angular coordinate. According to a line of tea n,mug dn« t„ |t«.hr 
one of tliese jaisitions is in a certain sen*** tivuaumath snip." d 4 . . which 
reduees the mrmlH-r of possible jinsitiotn, the plane of tin mbit »,,n »*, npt 
by unity. According to Somtiierfehi'-. theotv all the p,« able |«nsittou*. 
of the orbit's plane are equally probably, and fa un the mb ti itv ,4 tl,» 
line is projHirtional to tire number of povable [imitem 

In the ease of the o lines in the K series tins thr«iv u-n n*!l 

with the facts.* I he m hues in the /, senes, howt*ver, d>< n«,t has,, t|„ 
relative intensity predicted hv the theory The eh ti.a, p,„d,i. mg *!» 

“ lim '* f»H fn«n M orbits into the same ( , orbit Thu,, pi^lnimg th. 
m line fall from the first, M u orbit, whieh ha. tin*, quanta „.vh rated 
with the angular eitordirmtes, while those producing the „« hu« ,..m< 
from the orbit M } , whieh has only two quanta rated with the angular 
coordinates. According to Homineifelrl, therefore, the oUtm mlm itr* . 
should Ik* in tlu* ratio rtf t to d, As it matter of fart, the ratio is vet*, inn* h 
larger than this. The curve in figure a represents the two ,» hue« m the 
L series of tungsten. The ratio of the heights of the two .drum 

10 to i. According to Mohr's "analogue principle" the truiHn ii«m 
A/s t<» /a could not take place, unless the atom were in a field of fm.r 
I his may account for the weakness of the «, line. 
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IUE .1/ 'ihil'tuix t»/< \ h'AYS HY CHEMICAL ELEMENTS OF 
Mi’ll ATOMIC XI'MEEKS 

Hv VVjm.iam In im , lit »*t» Frickis and Wimihum StisnstrCim 
I , mv»K'ai. I.amokavokv, Hakvaku Univkhsitv 

1‘nimmuiji’iitrtl AujjMit HI, l! CO, 

lv,;n\ht. n .-v V imil il wave length characteristic of a 

. in mil .it *-Uiurii» e. 4 w.m length surh that tin* element absorbs X rays 
lotion than the . tilit at whir lev, than it does X rays shorter than that 
calm-. Hat h t h> Dti« .d element has «un* critical absorption wave length 
a-iwiated with i»*. h senes of ehiHiieteristie emission lines. Dunne and 
Ji» ! haie shown th.il in the A series of rhodium the eritieal absorption 
wine length t< about ..m* fottith of one |K*r eent shorter than that of the 
shot Ik .t hiie fin > Um- i in the 1% emission series. The authors* found 
that the i Htn at abruption m the A' series of tungsten has a wave-length 
„i 4 laiut one half ><l one j»ri rent shorter titan tlutlof the Ky emission line. 
Since the othrt i Imi.o ti ii .ti< X ruv series have longer wave lengths than 
those of the h senes, the H eittieal alworption wave length is the shortest 
X tat wav.* length now Miowti to he characteristic of a ehemieal element. 

in the n -.eaii h desnitrd tit this note the authors have measured the 
critical absorption warn lengths in the K series of most of the ayatl- 
iible • hr mini element > from tungsten to nraiiium, both inelusive. They 
used an ann/atiMit sjirct lometer, and examined spectra of the first, second 
and thud mdet*. In loin Ihiaite and Shimizu" measured four of these 
wave lengths in sjirrtra of the first order hy the ionization method. Mea- 
mo» oi. »st with the same <jk et rounder of the h eritieal absorption had 
previously Urn mad* foi most of the ehemieal elements down to man- 
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Iffillilll^ ili)4* \f»l!u » Ta t iiu f d iU' ; 1 ' 4 ‘ ’ o . ’ } '^ * an 

Hit lit h dot s Hut ttlllrl rv t till.ill' 0"5r th.O * ?*', *« * * < * 4 i i ,.nd 
Shimi/u.' \\ v have Ihhi 4 ! 4i h uvr v * * H’ - < Sr,Vjr 

Voltage to tilt* X !<!V llllir lil.II! Ill f!#r 1 ,lf In I U ^ U' hi . i‘lu X $a\ fit 
we lme umiI do not with* f and a md dohi.u*' ■ 4 a d*nti,d % w*B* 
lliiiit about ti;i f tlt>ii mil** T** jfi«*4ni* X *«** *l&*t« # tU os fC ,, m m* » of 
uruntittiti however* require a mlta*;* eon ad* 1 44* in * *>*< ■ *4 tin 1 n.wtr 
By encasing the ur»tt*« of tin* X lav ttttir and aC«* il ^ 1 Cu C *vatm« 

lielonging to the high Irmhm gemuatmg plrnd *0 * 4 i^tV. m# l*.u» Irrn 
able to excite the fiiltc iitllt appiosmtdeU % amma *<- B m > op !<> Jm? 
l SlMMIt) vaults* We estimated tinrw mtfatm milli an $h < ti^«4 4tn %* 4 l 
iiintni* wliidi %u* raliliiatnl Sn tnra'amti,] tin iimrui io*n f %Hin; 

plant tlirmigh 11 of nnl^ it| itutiganm utic I no in* a 1 a J 1# 
of fUtl.ldWMI oliina, \*% a rlirrk on flir u*lt,i^ mr.i-iinnt•. .*n 4 ^ 11 fkr 
coil%ti4iiry of tin* ililfrfrilir of jmf*ntial %\r nkimmmrJ, si* ii nm 
km^tli limit of tin unirial X lay ,}n*tiiii$i ami * ai uia, 4 flu * 

!>y ninair* of tkr quantum rquatioii \\ U Inunr amt Hunt >1 

hy i^purimnnts that IhK ism hold (»a flir land *4 fi« unto, and 
limit results have Imesi vet died In iu»nr t* * nit tu ^ .i»* 5 4 * * 

/vVsit/h n/llir dleti>nreiifr«i. t tu platting tla fiiiimi, in lltr emoa 

tion eltattilmr against the nttgitiir ja*Mttou% of tin* fa Mr *a» flir ^|sc*ti»*ii$ 
eter that supports the emfni tdifaiu t uurs r^nmpfr^ #*1 nhnli 
appear iit figures 1 and :i The sharp tftopo a* $» tlir*^ mm* trptr^nt 
the eritienl nh%irpti«*it due to tlir eln tnkal rlniinit muk f noraoideai 

A layer of mutter tsiutiiiiiing tl«% rlettinif is pt # Kr#t m tin je«tli of tt$r 

X^rtiys Imtween the X ray ttilr atul the sjmrffomrtrr Tfir amqdai «tis 
tnnee Imtmwii the mid poitifs in eoitesjmudiiig doqts m*$ tlir tno ndr, 

of the AIM gives tin twice the glunemg angle, ^ mjtn ti mud W Miiditulnt 

in the usual formula* 

h ^ *M sin $ 

to caleuliite t he eritieal ateirptitm wavtefenjtth. A mwfm^km f«r etet*i« 
tridty* amotmting to abut! i? # of are* ham to tie milit«rte«i frn««i tlie vtf 
ttti of # ttieiittreil ott tfte grtiplii. 

One pair of ettrwi In figure t mpiwmmU tfte erttin! «l«nii|itiiiii of 

uranium. These curve* are of ipeial intern!, for tltey to 

the shortest elutriirtcriitie X-my fof atty ctomieot tlwnttill that him In* 11 

discovered up to tfte present time. Tlit ctiittei «if tlir tlfi»|» can lie 
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* *Jmi i !* 4 4 I U u 4 >*n »Mf irtl.iiiiH to iitfSttit ah«ad tl» w of are, and, as 

** r*Ai.%\ * r f n i Kt * 4’.* flu linn n( pier* $t*u amounts to less than one- 

fhtid Ml n!|* | 4 * , f III 

X\u ntint # , m !>,*!it t and the emus fit %t»e *J belong to mer- 
mu* 4 iid bvimeh, m |if 4 tnrU * Mte p.ti* of cw\es represents the crit 

i« al dew*t§4« >u 4 l#i‘ iiiii? !i $11 tlir wrtinil order spectrum, and another 
pui, tin Mite d pleat m| m* t * tn v in the third order. The drops 

m*in *pMi'diiu f * t!v i!i«.f|ition 111 fltr ritiitd and third order spectra 
4 tr i,‘n fulfill Hurt 11? fitr til »4 order* mid tor this reason it is 
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column IM, the different e, lie tween these square roots calculated per unit 
»»*•» r.r.*’ in atomic numlicr. 

ih.. !»>•<!■ 'ii si tlw h'l'.uh-. The differences tabulated in column 10 do 
not ».uv h<uu then menu value moie thuu one would expect from the 
rx|teiimcut.il cum . This indicates tluit within the limits of error Vic/X 
is n unitor ml v un rea-aug limi t ion of the atomic number. The differences, 
however, ate 4tghllv latter than the corresponding differences between 
the <i»jti,»rr r**it »»t the critical absorption wave numbers measured in 
previous rc>.caic|ic'i , <* tor chemical elements of lower atomic numbers. 
Thu meairi that the square root of the critical absorption wave-number 
is riot iputc a linear function of the atomic numlicr, which agrees with 
the results noted tit the earlier pitjaus, 1 - 4 The variation from the linear 
law, howevrr, is to** .mall to lie clearly imlicated in the range, of values 
contained in table 5 

The wave lengths iiica.mcd m spectra of the second and third order 
(columns b .md V, apjrar to lie, with one exception, smaller than the 
voriespomlmg wau length, measured in the first order spectrum. The 
differences hrlwmi the two sets of values aland equal the errors of meas¬ 
urement Similar different rs lielwcen sjK'ctra of the various orders were 
ohseiard first bv Mr Stenstiom* in his measurements of long X-rays by 
meait*> of a photographic spedrometer. He attributed the effect to a 
slight retraction ami divjiermur of the X-rays by the reflecting crystal. 

Our uic i iio iiu ni . in the second order Hjx*etmm for thorium were not 







f 11 ^ flirty, * i \ . ‘ " * l 4 

satisf 1H01y 4^ flu »*fh*t H’** f * ** < ’ < v 

tile limit ot it * i‘ i\hn \l\, an! ihk a 1 1 ' 1 

unusually Lir^r 

I hit \ alias hi tlife u.h * 1» i‘> S*♦ ■? * ' * ' < * f ~ r 

taiiinl l*v piniii« l!m«l ’ 1 ^ ’ * n < ' ' s * f, / 

to Iiftmti’ii tmr ami t\\*» fit * * nl l h n** , ■ ' • ' a >4 

Juiism*u \wit itwfir %%ifti .m mint ft , ?■ * - ' <* \n, ,j 

to rliiflifLttt rim* * iltsr !♦» !h* p* m !: iU- n t <''* \ . * - f 4 ** if * % tui 

mstah rU\ lit ait otfltif im p*-* fn no* n * n ^ > '* n n 

cUrniHIlnl hv till pi»4ttofi *< Sh* t* *% ! K< p' # X ' * ' j H i • 

III,tV III litiilf jtinitHr Hi mn.otiw a «-nh«, n- sy, , s* • , ^ .*uv 

of rotation Ilf till'm s til liltli It H‘U m i «<‘V*,5* / vn : , * .* Sv . 4n 

rdlrcfittg ptaftr, 1* til t lit * 1* I lii 1 lit n tn-1* ..1 *» * . » >* ' P* o,*,r 

Iviigtfi of fltr r»ns ,»i4 in limiting .*** * flu 4 * >4 ,1 >• \ 4 ^ - 1 ul ha>i 

an rtlni t hi fttrttt < Hit ttMhorl 4 tv tus r <* n . , > n s < .y dr, 

ttliHi* rrrnrs. t’ur Wr ilrtrfisiiin tli» ,;la/nn r ^ f n r tv. .a f >< 

wliinh tin* t rv 4al fmn * amt tint (4 tin ih »i, u # st > la'-', * ,n 

Tliv ilillrirtirr^* flirtrlot'in t 4 4 f 1 ' „ / , . ! ^ , 

halnt amt joiv miii t'uittinl tn antiluJ !m cu,* ^ iV' in • ^ h 

they ma\ lie title In itiflrn m* > in ih m mm 1 a 44.4 ^ *.1 t t j^ii 
mvntal i*liH‘milit»ii^ Ii» u>t m t,m**n inr 1 4 4',* J ■ < t .44^14 

plntr mar iit;t*lr tfiiiti tlir ftHint lilfrii fltr |»LtV ' ' 1 ,,*/ % "4* . a 

rrH|i«iittini; \a!iu* «>l tin* * situ ,tl ah ,*i| tt**ii 4a * \4 < *« . H/? 

than that %i\m t»v phi m* th»*4, 1**1 %ir ii4 ,* pp 1 t as, - ?* , 4. ** /a 4 f t 
np fltr ntrrji tlfn|i%, llir }»f4«t1 i%liiti tla yh, 4 t" 4*# t* i 1 <a 6 * . ai 1 * 

thtrkrtt mrri + njiiiii«i‘ f to thr li«ai»iin »a a , 4 ot r , to * 

Ttir ttavr teii|*tllH ntiitaiiiwl in lah% 1 « * 4 nyU 1 / s h* h h< . 1 oh 4 tin 
Wtastn ill tin* K ntliiMl aliHfijitioii of tin ii^mu ,A *u^ ** * L10 

limi making in mit X ta\ taHfU.ii*^ timing it- 4 s t n 4 a? ! * \\» 
tmw lnm» vnlitm «if tlir A mtii 4 n a* imm l»4»iir f ^ f 40 * t 

tin* rltrttttriil rliatirtiln fit#m matigotirH* 4*!<nsm mmthn * !*, 

Cittnriiir ittitttlna \K*) fnitli iiirfn>iir 11 n >r umir hn^lh, !t.*w m.t*, 

ttml hy fftcittnt tif tlm aitiir ioiii/at$**i$ 4m tionirin ,<ir4 ai!!i tio ntitir 
ntMli* crv^tal* iiinl im* tfmtrlotr mih < ^ h * 4 lut 

I 1*11411*’ Mill I til* PI? VC< l4f /?/;*!• * \ | f 1^1 \n^% \% #1 

II Iltwiir 411ft Hl< Il4|ifill, tl’snfioojaif 1,4 §,«J |0 |. 4f , 

1 lHi tin 4 ami Shnnun. /V a | vr # h 

1 lltiiki* amt thum\i^4, lh% U> « * 1 hi p*,t t t» , * .;** . 

1 t>f ttli#g||l% /, /V*l> PilH, \t || Jo«r, !H|a ||»^ 

* Hi«*gli4liti 4 fit I J*»ino»fi 4 IVi il /#*•{ , |o|« f / 4 
1 iHfant* iintl Hum. Pitfm AVr . , m% tltWl 

1 Strfl*»tfi»ifi» I*itii»trV Wufffotfotm, towiit t Hint* 



n\ mi \ K w Sl’Ki TRA OF Tl'NC.STKN. 1 

li'. ttlllhll l»t VSt- ANll R. A. I'.U IHUSON. 

M Nn|»Ms. 

1 ri} * l ^ n ***'■! t U litr irth'ihf hi K and h Series, .'-This paper 

' 1 ‘ ‘‘ 1 * h»* tiiiiral uhuirptinn wave-lengths anno- 

' ■'* * % ! rj ‘'' * and d-o ‘4 the wave-lengths of most of the 

; ’ ' 1 * ' ’‘ v ‘ 1 ’' 3U lh.- *-n i/airifiriitM were made hy means of a new 

* o *' nmd.it t** the H»e driciibud in the Physical Ricvncw for 

Pr, , s v *\ , c ■- 1 «i \ ln«h ten ion storage battery supplied the current 

ilo* *uh th«* \ •. *. »jdm tW v *lr u,e and eunriit being kept constant by the pro- 

*• dnie in t a f .- l in In - i.'b’p-mr. i o rhmimttc enors due to the penetnition of 
1 hr no i no • oV 1 1 a 1 ah I in hi k »*| rtwrl uOtUHtmont between the axis of rotation 

*4 ' o*js.’ *t «1 i V <' < tv * oih% i tug |4,tiie* etc,, the authors employed the third 

oe'ih 1 on v, •< ! re fh** nun h* odriinl pi, above, In thin method two slits 
te*iun-P<* \ ; a . ‘de* and tie* •<$*■* rptmepo define the width of the beam of 
\ U '%* vo ‘> i ih- , t > 11 , 11 , an-i tli** o!if In front of the ionisation chamber has 

**ph- eoe b- «• a p % <n. k», flp «'i»f Ur irtlr* ted beam to enter the chamber. With 

find $ ,* n». -n-r-, f ,<! Votn * h»- angle tht’utgh which the crystal turns (not the angle 
tn.i 3* hi tu- ft h- f.* ; b» .on »-f i4i« wdh the /o« of the in&Uumcut) measures the 
gUn. ,n/, # ,V f *. \« *» at flir him da to calculate the wave-length. 

bjr.ei I a.?*.* • ' f-f 'll 4*,/ U u la. Me,rat red i ## Spetimaf the tst, ad mid jd Orders .— 

I he f 4b ^ 14l i.d b . h44ww tb*** a**i 4 ht*n! 11 it*an vahiea of the wnvedengthji obtained 
Ss ^>ut i n-,ir ,i* mriif * to ,«t th-r t-it* id and ,pl oitJerH, together with an estimate 

*4 fP ^ . -I !h’- on ■* In r**timate the ahtdnte mTtiracy of the 

4 . 4 I 4 v - e*n-f r r <; ,t a* < Mnntt il#r riiot'4 hi the value of the grating constant of 
ibr i um * i , *e,d ■;,* 4 I ’»m»' .ild up |m nUiitt iter cent. In the text the 
%.ihn -2 <4 i fit ,?wrHi %.ur trn 0 h*t nbiaiiinl by thin ioiii«ition method me com- 
!**■^ ph si, -:<■ ,%r ^ e*-i *4 ilw Fiist** l«tr»i by photographic methods in which 
•(«•«-}*) tiavr l«rrti rmp}t*yr«t t« tfihiittti/e the effects of the above men** 

X--Hay S§mim **/ Tmipim, 

t r 4*wi?4i4 lot tdlkltr 1*1 ^ ffnftSh 4: dHH) X lb 1 cm. 

t iiin 4I ,\!^«i|pti«i?i Wiivr-Lwigtli#, K X lb® cm. 
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I if, loti 1 hy 
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I d s S Ji ! Ui Wi 
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I f^l : 1-74 

| $ I >| tdlllif* * I j l .0261 sfa 6 


2H4S i t 

M 

I rd ‘o'* i pi 

b/ft 

i 4 

I-*/-. 

1 t 1 


► A !«,)*« I., It» Anmumn t*tiy«l«»t timskty H lw Nw Yarit meeting, Keb. 38, 
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f *!* umi **'<"uWfi ih ii w tnn4% , r * y * '****“ , 

1 fu* nbjirt nf jf(|4 r» 7 .ivnnji j*., 
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purjxjw*of tvi*tIi lK t . t , rtiilu Tr ,H ' r ' ,4r,s,5 >'* «>»* 

«f otomx rttjd th«. nmtunmn ,4 r, | ^ 

Wjivt*»Jt*ngfJix should ^ M,r|1 “ * i rmnp. H4 Ur 

m§d Mtiheni i« 
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.... «.| nu. crystal, the incident beam of rays, 

the ,-ff.u Hu led.. tu»K plane in the crystal, etc., we have employed a new 

. . . . . t'> the one described in detail in the 

1’ttva. vi Kt m « fa lh, ember. i« )ir . at page 6_> 4 . The new instru- 
1“'* •!»».-« * .entialh loan the old one, but has circular scales 
that appe.u to be -.ouii what more exact. We were able to detect no 
ditieieme betw.en the leading-, ot the two verniers attached to the 
ci\ -.tal table that would ghe ii-. a peiceptible correction for excentricity 
in flu* |MIP* ot fltr Ust*d, 

\\r htxv .t*l*tf it| tfit* third method of arranging the spectrometer 

iiirsitiMiird in the mfiele referred to above. A narrow beam of 

X lav*, iliiinn! i it hr i In I vv«» slit* in lead blocks between the X-ray 

ttibr and tlir spn iiiftiiria nr by mtv slit and the focal spot on the target, 
ialb, till fiir rriln ftitg eiyMal, The third slit, that in front of the icmiza- 
tiHii i li.niilirt, luh -iiiffirinit breadth to allow the entire reflected l)eam to 

eiitn tlir « 1 i 4 tnbri» I he chief advantage of this arrangement lies in the 
fait that so M»ssn lion in mrmnmy for the penetration of the rays into 
ihr 1 ts bfa! and lot the lark of mart adjustments in certain parts of the 


iimtf iimruf Itv faking tradings eorresjsmding to the same spectrum 
tun- oil both ?>idi of the /no, twice the glancing angle of incidence can 
br I all tilafi d to -ainjily subtracting the angle through which the crystal 
ha* brni tin ii*'* 1 fioiii The angle through which the ionization 

talilr ha 'I lirrn tnim-d dors not enter into the calculation. In those 


method** Of using 4 sjirrtromefrr tii which the glancing angle has to be 
cah ulaf rd Horn jtoHttiou* of the reflected beam of rays (photographic 

method**, lot instance t correction* for the above mentioned sources of 
err* a muni t »r apphrd, or else special devices must be employed to 
eliminate them. 

lit making a of measurement* the crystal and ionization chamber 
are totaled thtoiigh »ucrei**ive angular increments, the chamber always 
tiring npwrd H%>< r (at «r* the 11 ysfah In each position of the crystal 
the iom/afem * winit e« measured, Hie graphs representing ionization 
i ininils ah ftiin ipmn of tin* crystal table angles (see the figures) indicate 
}»ruk**, toffrTftonduig to i haiai tciistie emission lines, and sharp drops, 
rot ii «|toudn«g I** i hat at trtistic abruption lines. To get the double 
gliiiniii; angle of $t$t itlnn «*, Mh for substitution in the wave-length 
tin mill i* 


K ** m >: to 11 sin 0 cm., 


we loan the tip* of the freaks or the centers of the drops, as 

the ease may t*r. 

To piiiti up, the alsive dr**rrifted arrangement of slits and general 
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obtained, provided that the Jim-, li« «W sj,.,, „,., v 

neglect, or correct for error* due tu vh Mp » th. , 
turn ami m mhrtkm with wavHwtytti 

K " '""ti -1 "" ”»•»•« -jitvniim u „.,| x , M lu| , 

( typ, win, a , t i,,. , .. 

till- lulu- a 11,1,1 K I.|» I,],,*,, .,. 

lh,» mah-mlly n,l„ml .. . |. „„„ 

l.n«. 1 In- ray, Ihr.myh .hi. 

eraamu angl.^. I h„ M , r , ,,, lU „ , |jt 

wa, nmW In malm tl„- i„.n,l,-„, i( 

A. m .-arl,™ ««*, a l,i K l, .. 

currn,. ,h„. UR . X-ray ^ u ,„ 

■xp.nm.nit ty yra.liiatly rh.mxitiy a ,i-in.aiiii- i.. with lb.- luliy, 
Ihf I,„| .... 1|)iini<|i |lu . . . ( 



lilir i »! ill* f*iJ !, ill ,, { t 

Ur U,,! had <lumbc tilled with metlivliodide or Othyl- 

l*i<‘Uii*!’- .a,,I powi.h-d with \r,y thin mica window to reduce the 
.ih'.rij<ti"U ..1 ihr in!,, t,d of X-rays as it entered the chamber. 

A .jn.i.h.mt >-!•. Mom. tn m.-.r-ttin! the ioni/ation currents. 

I UK : ..vr /, * me /,h:o. Tliitteeu lines in the I. series of tungsten 

luxe !,«, u mra-mol. Hgs. t. .• and .* show typical curves platted from 
aifn.d tm .1 am mi nm on the ,,, ,i and y groups of lines respectively. 
Ihr position oi a peak ..m alwavs be located as between two crystal 





angle ir,ii;|n #l t*l *nr apart, Moreover, a good intimate may be 
made 4f* f m \%u%% iiiiirfi nearer I lit" 4i1ii.il jteak lies t<> one of these readings 
lit,m !*» tl»r fitlirf „ We |trlir%r that, by making several complete series 
lit we have Itrrtt able to determine the value 1 of the double 

glam tug jtf t tn within less limn to ## of are in many eases. This 

hum tin an ntfii «4 not tn**r« # than an to ,m of a per cent, in the value of 
tlir glam mg angle, ilrjnntiiig itpoii it* magnitude. The grating space, 
if* nt lAtinir in known to within about 0.07 of a per cent. No other 
gsaiiug *jmi r 4 J*|wmih l«t iuxr breii determined as amirately as this. 
Tin- bf «i ih-fi'inmiafaaiM *4 iltr grating spare of ealeite lie within a few 
liiniilirdflr* *4 a j#*t * mt, i 4 >, to 11 run We have chosen this 

value, flinrbar, t** iim* i« imIi iiliting our wave-lengths, Hence, taking 
the grating 4*.%< e *4 *al« ite 44 ft set 1, we may assume that the relative 
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•» ll! 1 1,1 ‘IW i- a >Ii R ht indication in (he third order 

*l“‘‘ imm (!«,..i tin- tin, has a «!,,„• and weaker satellite on its short wave- 

|t m;iIt dde, 

^ 1 * * t vi , i * 11 , ili^ glancing angles and computed wave-lengths 

!Hi ti•, ti* am! *) 

T\tili* I. 

I srtj^ uf ,Y/Om. 
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1 »• s* mu * i*,$ C‘,tli Ilf id . .< (t,mu x 10 9 cm. 
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If i'i tttirtr^fmti t«* iiHlr that the wave-lengths computed from data 


$ti litgltri mi 4rj*, ,itr diidtflv slmt ter titan those computed from lower 

HnSrt'H. .me h.tr fnniitl tdnitlir differences in the east* of certain 

lotion \rnvihn iiliirli he tnenMueti by means of the 1 crystals sugar 

and gNpnum Hr lee* nsrtiU'd tlir differences to a small amount of 
rrliut linn .iiift dikjtrs * 4 * *ii *4 the X -ray* hy the crystals. The differences 
hrt'r i$i*tid # leainn, atr *4 the outer of magnitude of the experimental 

ri r« a r 

The fuiiiili m 4 iiiiui iii Tahir fL iontainsmtr weighted mean valuer for 
the m .i\r }riigf h'i 4 meatus rd iii a ititittber of complete series of experiments, 

hoi c««iit}uif»nn ii"r Inir tabulated the wave-lengths recorded hy Overn 2 
and hy an tlir ^rroitd ami sixth columns respectively. A slight 

roirri iims, amounting to one thirtieth of one per rent., has been sub- 

tiattnl lioto tlir- utility tfiry Hive in older to make their wave-lengths 
riiirr«jp4iid to fS$r gtaitttg rnt&Htant lor ealeite that we use. Columns 
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4. In 


particular SiegUtlm dedgmii att i?tft tratt^ % in u \ \ * d * - * p*» • >* 

jwrjKwe of rotlitriiig tin* rum** flttr to |**•*«* * 5 Uu \ no *t o! > itsr 

crystal, etc., to a minimum. 

Ovrrn tit ten not intitule llir Jinr** I an*! *i in !m t>*l k * 1 %%.tn» Victim 
He Mitggesti, howrvet* that the math-* ni» jtta nv^f4*o §4tf*n ?<<i<r 
»jmmcltitg to f may rep* e*,i ni the *<* Ime m tin* t\ om <4 mmi 

itt the umintl on let A*« llir tntm I and *y ,m* *4 < trmkottdr 

theoretical importance \w luu* te.t»-*| fto* i^ittf lo f 0»^n!Of,5 P l I Hr 

spectrum in the nt*i|4hl«*rh*»* hI «*i K>. t l*« m*oi >n *h< l»n-,i <-»«t« i 

spectrum. We found evidentc tm U<th moKbirtnim K-n .»nd K «,» 
but their intensities wm* l«-h« than tint of sin bur »r »*•*.*«■! ,*> l *> > ( 
tungsten. As the iutcnsit} *4 the *ernn»l »<i4u s|r. Mom •■■■ * *-i\ nueh 
less than that of the fu-i «»i»|ei *.jh i Hunt it i* »nij*> ,<,<nh!r th,»j the j*\*k 
on our curve should represent mukhlctmm K.«, in ih>' «««<i**d xiilii 
Critical Absorption Witvr Lrntftit, In g«*u> t<4 the *n» .n.so»m* *<t %4 
critical alisorption wave-lengths h more diitu tilt .o>4 4i*claK !«.** .t>< mat* 
than that of emission lines, In order to make ».orh a mi.runmnmt we 
usually place a screen < ontaiittUK the»hemk ,4 element p* !«• investigated 
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eonesponding ionization current crystal 
t«il>It* angle graphs._ Figs. 5, 6 and 7 
contain such graphs. Owing to the fact 
that tin* absorbing substance absorbs 
X-rays of longer wave-length than the 
a ideal wave-length to a less extent than 
it does X-rays of shorter wave-length a 
slurp drop in the curve occurs at the 
ethical point. 

In Hg. 5 the absorption drop is due 
io the target itself, which was so placed 
that the beam of X-rays that struck 
the crystal left the target almost grazing 
to surface. Under these conditions the 
target absorbs u large* part of its own 
radiation. Fig, 5 dearly shows the rela¬ 
tive magnitudes of the emission and ab¬ 
sorption spectra. The absorption drop 
is the largest of the three critical ab¬ 
sorptions that have so far been observed 
111 the L series of X-rays. The glancing 
angle, i, in this case has been estimated 
by taking the difference between it and 
tin glancing and*’* 0**, of the itrigltboiiitg emission line. 

The tiffin two abruption drop** fall so dose to emission peaks that 
good tnrauttrtitutf «4 of them ran tint tie nude without using an X-ray 
tube with a fmget nf 4 different rheiitir.il dement. Professor IX L. 
Wrbnict SoudS Kmrd tt^ uuh a ttiiie, with u molybdenum target. 
Uuni 4 if ttr obtained flit' *w vv*, represented in Mgs, 6 and 7 , on both 
ddr*t **j 1 lit- /fin \\r rnfiiintril the grazing angles, Q a $ and 0 rt », by 
niravail h>>m iStr « mien of the rorresjsmding drops. 

\n% ; 1 oniaiii’i 1 in %r% lot the K critical absorption of tungsten, ob¬ 
tained in the mu, nmoiftl and third order sjieetra. We are indebted to 
|>i, Htrunioan Fa tie. a^ufaiue in making these K series measurements. 

Tahir 111 tIn* glancing angles and computed wave-lengths 

for ftir K and I « haiai tr'iUtic absorption lines of tungsten. 

We widt to rail MMihmt io the relative magnitudes of the critical 
wuve - length* and tin* wave-lengths of the emission lines. 
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In iSir u fur fttlv* Mil*!, Duane and Shimizu published 

*it! 4tr»iiiii! »4 rt % |i«-|isiinii»4 whit li *ho\ve*l that each of the a emission 
frnjiii-fii $**•* in i In* K irn equaled the difference between the K critical 
ate** fi"|it it in fmjnrmv and mu* of the L critical absorption frequencies. 

11 ir«i»rtiirilh tin-. 4 tr*ttSft br tiiir ptmided that all the atoms (of the 
tMittr ilirriisi.il «Iniinii .ur exattlv alike* ia\* have the same kinds of 
istbii% btr, il !! ,md 11% trprr**ettt the amounts of energy in an atom of 

4 ILr V ^ I i h hnr% Mr Olirff f|«ltl il | 8 i|^l Uy UUUUC Mid 

|*tr 9 r{ l lrl ?, *{c O* MV m f-Ost.tty, Nv lilt* RHYSICAf. RiCVIBW. April, 

Pjl*r I* !#• 
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quiiicy is given In the oftiaf sat 

dvi *« 

Similarly, if If*- represent-* th»* re s,* - 4 • 

electrons has been letitov»d In*u; <*u " 

absorption trequencv ts given )a Sir : 

fcM IIS 

According to the them v a K * 4 hasm Os .* i \ * * » o i >• 1 * .*» 

electron falls from the I„ii oibd t^fin* K ; m 1 --* - . ' * * ♦ * o* 

the energy of the atom changes loan II : o* V* . IS ‘ ;i • > -*n 

these amounts of energy is tadi.ilrd at a - l% > 'it da* 

equation 

ffl\«t - If A II s . ii 

Front equations fid tyi and tjj 

I\ii -* Ka I a 4 

And this m the relit ion found tn evprumn.a o, |>« i* a ?y , a* *• 

of error. 

If, however, some atom * % oniam <a*u*o « d ^ ( , d * a' 
orbits, both I\ti and Fa vitlS has* thin mu? % &?^» e ' ** % r } o * t La*!* 

ot atoms, In I at t all ntfieaS rihsmptim'n * ins d >n>; a « * f *> . «*u 

lines will hftve ContplrV dtUvfttti > \\ * lar s ^ > > f/ * 1 >*\\r 

mich a struct me in the ate.* *tpt mn do*ps fm d^n^,; *-d , t < i huh 

atomic weight. Ftiifltn the d ita da.mad firs \< « « a ,. I - at# ihr 
results arrived at last \eai to mtlbtu t!ir i.jmt ; * i , ( ,*•?/, < mmv 
These errors ate mmuIIci than ih*^r ot lr * v> m' *. u.r * v , it o c f 
the wave-length* are avciagm* ot a ninet* t * s a 4**ir$ 

minatiouH, (b) some of them ttor mt%o no A nr •<,*# om a L dm „c!»o 
and fr) the thin glass wiitilnm m the X i n» tuU* dW* d *1 „«*m .ot, amt 
of X-ray energy to emerge fiom the uilr, 

The following values taken ft*»$u 'Fiblr lit ih* I ^ ^ Aiifi 

whtrli the K« emission Itrijtinn k *. rqii.il i|n dsllrin^^i e »fr 

critical absorption lfet|uem ies, 

lAiita 

Tmi*m M'Hstt S?**t*4> pjf » # # 

Crlitml Atwsf|iitiiii 

K« - Ctii «* UmM a | | i ift# i * f , 

kd — I*«» ** 42M,i III k^i - l**0* ^ f ^ 


It is tsitju• .‘.il,1,- t, ,1 4m th the ubmc law ;is applied to the L and 
tin- M srn.s, t.,i tin- \! > litirul aO. upturn wave-lengths have not been 

!!U , 1*411 r*! 1.4 limy.,* I ell. 

•|he,,t, inalh. I.nunn, it tu< > emission lines in the L series are pro- 
.ha. d 1.X »•!.. n.-n . tallinv; to.m the Mime outer orbit to the Hq and La 2 
“il-it M-p.. IO, h, the dillesrner lu-twcrn their frequencies should equal 
tlui a si..- !«-. (iifii.il al.M.rptiuu frequencies (except for the 

p,,-..sl.l,' ■ ns-ill • 1,1 1 m ?i.-a .hie the cutitplex structure of the lines as 
t\p!.isi>>i .i!>.a> , ihe ihtjeniue h.-tueen the two critical absorption 

111 i|lil Hi If ■ ! . 

1 'h i 41 1 I|H«7 p .5, 

1 tuning t*‘ tii** * mission lines we tin*l that the following three pairs 
Ii4\t* 1 1 hi jut ih \ diHen mrs that equal the difference between the two 
riitiia! )*fmu ttequein it-, to within the limits of experimental error: 

J n LI om » 1 .o, Lib - L<* 9 «)H.4 ± , 2 f 

1 • > 2 1 fh MH.4 ;; |,7, 

I he* w«»u!d nri-iti I*» indicate that the electrons producing the two lines 
in 4 fi.iii I all 1 1 * mi the 44inr outer titbit. For instance we may suppose 
that I.*i; * 411 *t 1 *b ate tine fu r|n toms Filling from one of the M orbits. 
Measure surlily m| thr abs* *1 pt son frequencies for thorium and uranium 
which flu* aiitie 44 ftirarttfirtl tit the Physical Society in April agree very 
well math thin Inpiifltr-ae I* ut fher we may assume that Id and L rj are 
j it * t* I Hi rd b% r!n iii »te* falling bom an orbit between the L and the M 
of bit** l hi * mint, limunti, tu* not been identified by means of a 
rritiral .»!»**«*f iteqtienty in thr ease of any chemical element. On 
tlie otStrt hand fbrsr appears t« lie some difficulty in the theoretical 
iiit«4|tirf4tn»n in tlir taw of the third pair* for the frequencies of the 
rfifi*et$iift liftrti L/b and Lv# are greater than those of the critical absorp¬ 
tion Itri|iirs?rir^ Ini t and Ltjf irsjiectively* 

Ttir iSiilrinnr between tlir frequencies of a fourth pair of emission 
I in*** aim* mi, but nof quite equal to that between the critical absorption 
frequencies, namely 

I'U Lib 97‘5 

If mould nrriii that in f lit 0 t ase the electrons producing the lines did 
not Mtiiir 1 1 ofu %'\,u iK the name outer orbit. 

Nteybahib' find'* licit the difference in frequency between the lines in 
these pans«In leases slightly a * the frequency itself increases. 

** ^44440 »*i oarjrolnf 4 ooo*|tfsi *4 tills nittifrei hy A. ScimrntrfeM in Atambau unci 

* HiC* ut | 

1 « Nmv,« inw. 



“'hit*. Making the u-l,n\u\ > . . 

electron with it* veloritv In- In.,’., f| Ml - it , ,... 

in an elliptic oihit ilitju- ,M !m 
corresponding nirului j , 

t'lliptic I. orbit* prodm c »*.* th .j .hn- , 

<>t' atoms with vs*iutS.it I, u,l„t,. 

fiiee j„ tre.|netuy idiudrd In , 
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where e ™ the electron*, elute, i„ m .. 

velocity ofliKht, I ..in. k .,t ,„ 3 .| 

I he function representing the tt,. ( n, ; ,u dm,,,, 

ifif fourth ,, ■■ , ■; ; ■ ■ • 

It t oil tains* it* / i li # Iho u . 
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f «*«» w.ne le„Kths in the X I 7 ? « " 
elements. This value,, ~ .* , M * 

'» <he fnm m | >t we get Jo, the value V t ‘ M ‘ ‘ ]‘ it> ' Ui k *' » 

with emr <*X(h rimriitaf tlHu \ t ^ *' hv 1 ^ ** M 

Homnterfeltl fee.the thmenltv „f kl%l . , , . 

interpretation p, ,|*e above value of « ,1 , ? ‘ ’’ " ^ 

that the formula does „,,t t ,l t . h ‘’ ’* “* «■"»»< »-otn»g 

^ tk * " th - «. «h,. /: ■ h ^ 

energy changes for the other elect,.,,, ,« L T ” ’ 4 1 h> ** 

to be negligible, although, of eo„m* ouh ,1 " ,t ’ ‘‘ ^ “ '* 

values f«.r elliptic anti em ular otbits won f ‘ ' U ' iVk, ' tn *h« 'r 

Harvaru UmvhKstrv. ‘ MHl 1 ,1m e,pi, k j„.» s 


tiff I ttl'M-W* t't.Ki'TM I' hyi" 1/7< W P « TdV/dT ONCE MORE 

11 % f jhun II, Ha 14 , 

!«r, r>n <ir*f I hmmhutm l H wvhun IfNsvKRMrrv 
# «MV»S'Utk-*|rr| Jl >7, IW 

ll ilw plul >4* !;.•> * 'A i.M’i nit/ <4 tin* St ademy in Nm ember, 1 ( )17, I ques- 

fmn* d ft # c Jvht, .»> tht, iquithm 4 $ i omtnoitty uttdeMood, /* being taken 
a <o«ho.m Vi b r* i lit a muI V flu Volta rllVrt between any two metals. 

tint I 4i4 n 4 h-44,, ow mni *4 *4qr<bon mltrelv clear and wish now to try 

agam, I* f ttii* r, iie|K4i4ii! 

It 4 | j* m fb.i$ Kduo a* 0 » dimed fhi^ equation from a course of theo- 
irt«M u* r^iv(H? .4 n ^ mg ml I 1 m ttnrNmh the IVltier effect only, be- 
fba si r>o*a mihidr *mu mint, Hitherto unknown, reversible heat 
rfftui > m 4r'yi4 *4 rleitiii * barge I rum one metal to another. 

U %% \iu\u%nh<<n .euvmrt .if flir mtw rqnaUon by a different course of reason¬ 
ing hi-Ul f 4 m the I # i!t$ri My colleague Professor Bridgman, 

trp#mmg nutf nw w«!i?h am?* - of hi * own the argument of Kelvin and 
Mn tlf,$i 4 Kv u. 1 4>or a 1 In A to a comluaon sustaining that of 
Hu 44 I . mrndfrd hr* mqmbbdied paper to me for criticism. 

I ftf,i» 44 tb«M i/,i? kfhiu * bomb** tnltrjurtafiott of the f was probably 
<hr s 4 ffr«* % ti* <ied %rnl urn t lli»* va^grfttiun tint t*nitwitti<tn and rts&sHtx iation 
wiiluif i Ik o*r*fd , m » to the ttwm law of equilibrium lad ween free 

rlri it*a*, 4«i*! 04*1 «ii fiiiiiivSinl the mmibte heat effect, additional to the 
nitiiif it% IVlHri rib’< B that Kelvin m# the need of, Bridgman felt, however, 
tfiai f lead mu slri-nnl t 4 Bn ktnhW'i aigument, and accordingly I wish 
mm tn rr m*, tmt not to withdraw, nty itiliiemn 

*| hr ahn h I qu<*trd je of hi i httiiwitw of t*Mctn&Uy Jtom 

lit* th* 4 ff i ttuk 4 ikiilt llir rr| 4 $»ith*u * 

4S *** ^ U + fithj, 

in wMrli rfS h i fumm *4 etur^iy «*f the *y*lem awl ‘V » the elvanjp* ‘ n the 

energy «ii ilw* *%•»»«« whkh aw'um^antc* the irawtference of each electron 

m 
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in tti* slnn*■ « 4 ii* m , in* H < , \ i , # s *s , s I 

l«wt\ f lit >Uf * J < I In* b« l! Mi ', ihs ii u * 4* >*». ,1 fin 1 > 

It 114 . till'* ,U Si, it i #4 r, lib fni ^ « l, Sn>! | La ‘ * e *■ l * ’ m I ' Sf ml 
iti\ 41 it it t +iii that hi* nin.^ssi S4 i ^ ml «.*h' * 4 'S *4 s* nnS Fs <.« -fm § 
a! u, tlisf m| tin* im<*mma i In 1 *n* 4 , ? 4S U 1 1 , U« 'm* ' s s f * f hr *44 
liuil lliiiln 1 nii 4 tlrt 4 !i*»ti t brbnr Ss 1? * 5 »« <b-<s 4 i s m / f 

llriit|iiii4ii f mi' iit$f mv jimti shtnm*h n%\ It* * «4 Mrn.t n m i.»**j>** ^ 
stutlirtl RirlniiKMii . sigtimriit aiwst m I p, mt v Wmb Fr mum 

tlktmm tlnit I fui*l m*uh* t m iJm* hr ,m 4 I .tir <*»,* in .44 * u<* s n »%t 4 ini| 

tin* itiiiimrai 1 of llttlwiilmm 1 ** 4 mmn* Itr fi, tluit 

fin a iiiai i unit v in rtiiirt lr4» h&u\u*n !i#s *-i 444 *. ivi is 
tSir minir rrasli ,n krt%inb ( 

Aritittlist^Iv llii«l* 4 iii*m \m\\ m 1 Hr % F iinlr, 4 1 ^ 1 /r, iS» * tsm m m ^ 4 * v 

titiii, tinaiiiiii: liv F llir tnia! i<n* s A *r !v ( |f ♦ an 1 4m ^ .ti'S’ < 4 1 Sul 
illiiv«illi i lll 4 4 ift#ftur finite Miir |4iiti S# jtMSIfn mI 4 *4 4il 

(mill nirlals, i!smii|4i l$r ihh n**t is.sr niiv4i’!% n* in*# Uu^h% 4 - s> iiir 
;uti<m 4if itifii/ailtMii m%%\ n a^*h Min ii miOhh lfi» lurfal^ 

l iMipr that Frnfr^sn lln4^iiMim f» i|4 1\ 4f4l«^ aMli litnisMt #{c* i«i*iiif 
in a !in»*ifl wiiv f mill lir jiiilili4it 4 »f IcImw l»4$g t 
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Mwptlmml imm «fe» ©f Hit* MAtmmm* AvAt>nttv «* Sci«ncim 
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/.v/-/’' ‘ i # ' '■>**.f 'hr nv pa thesis oe dual electric 

• 1 '• ’ ■ - / * * 1 V; THE TIh KM SON EFFECT 
Hv Hi'WtN H. Uau- 

I'IIVmH AI. l,Uti>X.\Tt>VY, Harvard Univkkhity 
# J.imutiv ID, H»2(t 

At thi’ Wu.lirnKtoii mrrtittK »( flu- Nntumsil Academy of Sciences in 
Aptti, !"!’•, I ttt.. jMjtrtH that have not yet been published. 

t»i»r w.c- <’»i tin- >■* Vu -hi, /',/«■<iiit Resistance and on Peltier 

th\H •» fiM, , lh<- «>ttif? ms Ih-tnutl i mthutim in Metals , both being 
ujsttrn Jt«>ist tin t mdj«*tiit *»i I hiul Kleetrie 1'unduetion. 

The- to i uitforii «it tbfM- t«n {t.sjHts contained implicitly the following 

I i Ita t r ,i*4 m| jifr /4t«r \hmtld, hv bringing the atoms and the metal 
mu*. tlt^rt nit i♦ i #4 , 4* b (i the electron conductivity, 

ifl4 i|rt fr»i >r ' llir ffrr rln tfofi i oudtietU ity. We might, then, ex- 
|ci i tIs®' f *dal * *»mJm hv if v, /, to inrfCiiM 4 under pressure in metals having 
4 nUltuh f in ill **»dw 4 **i tih ! i\ $ i and to decrease in metals having 

4 iritfHck lil ? r % illli* #4 fltk latio 

V* \ * aiifmiMiiv mill tiraiuitli have except tonally small values of k, 

iftn proti,ihS\ lu%r r»» rjiltfiftalh large valttr* of iky hh k' a ) f and this may 

aremmt i*a flu* u< t that, iitintitg twenty metals examined by Bridgman, 

I hr ,r Itt4» writ thr onh *«nr * In 4mm 4 decrease of conductivity under an 
ISn tr.ea* *4 }4r\ 4ftc 

M fi flir i at to 4 * A , p gf rater ttt metal /* than tit metal A , ioniza- 
tt*4i iiitrJ o* i iii „ 4 f the jmsrtinii «4 the two metals when a current flows 
it*4ii I f« !\ .out ir ,o s<« niton mint t*mtr there when the current flows 
fn an 1" to I V imiii/ at ion h doubt less iimattpiinkal by absorption of 
heat .lint ir ,r, .«** utmu tiv evohition of land, we have here an action which 
ttu% plav a v ft i tftijn *ibi«t jttirt, if not the chid part, in the Peltier effect. 

:*f Tb» #•%«. I ptioitallv l4ii;r value of tty v kj that probably exists 
wi htmntU to-iv lot tin Urt ttint heat is absortred when a nega- 

tiir »iifind mo# tin 4 ttirfal from iiity other. 

/, Ad tin tr.r*r of pirr^nic jifotiiifilv tlecrcases the ratio (kf 4» k a ), 
i%r nlifiuSd r%jir, i ,iii »itc*oijitifti 4 o| heat where it negative current flows 
from 4 iiifhil iifidri Sugti to the same metal uncompressed. If 

nr rati fbd rSfrtt of n mpu^' 4 *m fliiA uinl the opposite effect minus , we 
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l« n 1,1 ‘’I" uu •Muimiivitv dm- to associated electrons. 

k, part spec»!tf electric conductivity due to free electrons. 
k l' A i Ay t>Uult Ucluc conductivity, 
c the election charge in electro mug. measure » l.(i X 10' 20 . 

\ tin* iat.-nt heat ionization jut (t ,•) electrons, in ergs. 

X' • the hit in t heat i*t imti/athm jter electron, in ergs. 

li^ . 1 !■., that the mete mechanical tendency of the free elec¬ 

tron*. i*> toward umfotmitv of pressttre throughout the unequally heated 
metal. 

Uvjvsh H , .dietnative with (.1), is that the mechanical tendency 
of the tree electron , is toward the state of equilibrium produeed by thermal 
effusion, that is, 

f : / constant. ( 4 ) 

Let I Of figure s 1 > tie the eold end and ll the hot end of a metal bar 
forming part of a circuit in which an electric current is maintained by 
thenno electin' action, the resistance of some port of the circuit being so 
gnat that the conditions existing in l H are very little different from 
those of equilihimm In this ease the Joule heat generated in CM can 
lie neglected in comparison with the Thomson heat there generated or 
ahsorlM'd. 

Contrary to custom, the direct ion of the stream of electrons throughjthe 
metal will, m the. jmjh i, tie taken >c* the direction of the current, and 
according!*. <*. the Thomson heat at smv tempemture T, will be defined 
sin the heat ato*««!ied hv the electromagnetic unit quantity of electricity, 
U : . i In tton m going thiongh the metal from a place of temperature 
{! ‘i o deg ter to a place of 1 1 f tt..'d tlegtee. This definition will 
make «* negative t*** ropjtcr and jantUve for iron. The value of <r will be 
cxpiev.ed m rig. 



fm. I 

Whin the unit tjnantitv of el«ctr icily, fl : c) electrons, (»« s) gm., 
goes through th« dt* t M of the liar Pit, from the isothermal surface T 
to the itotlirim d to face l * 41', the fraction (Ay J k) of it consists 
of free electron-, and the part ik m i kt of associated electrons. We have 
now to take m.tr >»t the change-, of energy, of various kinds, undergone 
Ity the n- two pad-, of the eutfrnt We shall list the various forms of energy 
here eon-adrird under live general heads; (I) hulk potential energy, or 
f. jMiuiiul emrgv, t«« winch tin* free electrons tally are subject; (2) 
kmrln etings of the electrons, winch we shall regard as negligible in the 
associated rle* time* and etpial to that of monatomic gas molecules in the 
free electrons. -4 electric charge potential energy, the P energy, to which 
both the Iter ami a-ramatril ele* turns are alike subject; (4) the Pj potential 
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nu other change hi (?) ,»r {*,. * *' wafer* 
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I shall, momiver, avmming thut the total heat of ionization per elec¬ 
tron (•' math* up «>j a part X tine to the overcoming of atomic attraction, 
a patt Uih'I !>.j the kinetic energy gained, and a part RT for the pv 
potential enetgv gained, write 

X’ X'„ i 'd..'»/\7‘ - X'o -h 2,;.«(273 + t). (11) 

Keepim; to hr p«*the a . < 1 ami so using equation (8) for <r, I get by 

stilr 4 itill!i*II aw »iiling III eqs. ittq (HI) mill ( 11 ), 

* i< b \J<i I- K«J)T t (12) 


where h * hi and h-$ are mmUantv 1 defined by this equations 



1 have put into tSir form shown by equation (12) in order to make 
my r\prrv*ion for it rt»rrr.qttittc! m nearly mi may lie to that used by Bridg¬ 
man to set infill llir result^* tif tm ex|H*rtmentH. He writes, in substance, 

ti fvt h Iff)IT, (IB) 

wlirrr A iiiitl /» mr the tatter tiring xero in many metals. 

lltntgfiiiiii hint** not him; romrH|»mdmg to my constant K, and I have 
ttjtnti much tat**a m attempting t«* get rid of this constant; but no reason¬ 
able ii | ciiiiiiffti**ii that. I run fiiiikr elimimttex it from my general expression 
fin «f, i m tin*»filter liiiinb equation 1131 shows that K is the sum of many 
trims M*mr jiMMtnr, boinr negative, and there is nothing to show that it 
u mv it**! S#r on an.dh tfifi aibitl to appear in smdt exjreriments as those 
nl ftiidgMMSt. \* »‘t«tdtttgh * itt dealing with his observations I put K, and 
hH the *ir» Mini itirfftliri ««t * tdi* equal to xim This gives me an equation 
of whwh t male frequent te*e in the form 

,>;;m « »/<) t 273(l.fi </))] 

+ (i.f»™9). (17) 



A < l.» lhr ,1 Did i; ..I equation (W,h t take these to be, respectively, 
(hr h, .md I lx- ht >.i mi* equation*, and, a. liridgmmi gives the value of 
A am) /; |..J r\m *aa* dealt with, I have the K, K, and Kt, of equations 
rldi, II am! t Id', leplaml !»y definite mnnerieal terms. 

Thr r thtf « r«)U 4 ii>a«< now mutarn the five unknowns, C, C\, Ct, Co. 
am! tf \iiMfdiUj|!%, ! mind itMiimt* values for two of these quantities 
i,t .<(di f «m c \.duatc the other three, As a nde, I have assumed values of 



Values nt ij A that w l* vS * 'a* > , .1.1 f * 4 5 <1 

less than 0 wie **j <nitt 4 trn * !i 4 « \ .< < *< t ' ’ n *• 

li*^ k l»ut * *nd i *" " (f 1 J * r + ^ + *' ; Mf 

1 was at iiiifirStfiiil t»* tin * fnnt« n ?J s ** 1 ^ •* < 4 kV<tt, 

inerease wills ftvr of treij*!**w* ^ a* %t% 

the fiftHUl late «f **llf hw* w ii*d*r .** 1 3* i( y -' r * . <*• ,iv ' 
that the rutin in fjiir* 4 inii >•. qnti% * Ui* U t h ^ « - in m 

the temjHTatme a^vitt fi^ni u t»* U* \n n.uir *4* % * * * * <0 m 

tins ctmehiMttti and thi oh'<m*ti*ie >4 * /„ s *0*4 *>t *v’*i' 4 *«n*r 

wittier pressure, ill vatMr* fniii^t.iliiir , >At?s w 4 ? m tl *. fuf^ri 

CfJHA III irfllill IV«* or Is 1 O 111 fArin -f SVr m^fc^ m 

which llrklptiait gt\r« lltr sahiv «*! # ll« .* r^v J 4 nr ? e :it * so*It 

cams art 4 u*r> easv tmlia! with Hr Jit? 1 * ? - *' ^4 ^ < n*nn r 

( 15 ), t j - fl t unless #| has list mipt< tuhU 4 «#,% - i»?wv < * l M 1»* 

we have, from equal tot* * 11 \ 

0 ' 

t | < l*f r t I * | \ ’ 

i% 

Substituting tor to* tit rttnatinii ?V i,»< 

C *\ ^ /iMJ a 'I | 1 * v4< | " * 11 *’** 

For any givtn % f iiltte «f f itm Im'iJinr* 

t ‘ «** i% 'A f # ■■■- K p iMi 

where K* anti K* air nrw r<nf^tniil% # Ihr vattire #4 mhu U 4r(«rit4 ^it f. 

Thin eqtttlte riitiwst lltil* f»»t * lifcnl \mhw *4 i w# *mi ir|»tr*j 4 ii llw 
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reklitin of C to k* m tiy nieiiiis ♦»< 11 ^Haight Intr tiiawn *m tlir ^ • |iii#itt 

Such a Ittte ti iwftt! ft€ |itifj^pcs $#| itiitij^4nfif^i $iiii 1 rnir#|^4$iie 

It te to be noted that fttr niriaK for whit It U$ $% o i#*|| $mt» wto 

tm one of whieh K% i* poritivt, white tor flit othrr if i» i»«istitf. 

Figure 2 fthciwt the general ehuratiri *4 tlir %i*t i 4 f hi . • 

tilt first grottpt tnd figure § duett the mww f*tf itir wi^nt gi«aip 


Fit!- both <>! ilu-sr unnips i- !4 critical value for </. Examination of 
equation -.h. ms that, when q = I .a, C becomes infinite unless X' 0 
at the samr time lavnmesft; and ifX'„ becomes 0 while q = 1.5, C becomes 



Pin. ;t 


$!$firlriiiiiii4tr, 1st imlli ftgittr y mid figure 5, therefore, q « L5 would 

$mj4\ a line ridtinfirtt! mil It the t ' axis. 

It ,/ tit rt}ii4ltt»it I1*H has 4 value Mween 1,5 and 4, C will have the 
•biifttr dgn ;r* h <* w !m It is jimtfhr t«ir the first group and negative for the 
i;n4t|i AietJidinglv, *4fire negative values of C are meaningless, 

Tb* I h jm.’ittdr i«*r the ftrvi group but not for the second group. 

* **<e m ‘ihuh h i t* o, There are in Bridgman's list five metals 
M %%Itit'li h % *»! lu e> not /no, These are aluminium, gold, iron, molyb¬ 
denum, and llidlttntr Finding the value of (\ for a given combination 
ftl q ami X\. , m ibt^r tuHaK b a M*mewhat roundabout, though not diffi- 
u$Jh pm w. The % iliir <4 « \ v> t*niittl by use of equation (15), then the 
iMiltir oi i $ by ii mt of sib, then tfir value of (‘ by use of (17). The q~ 
iote4atit tmr* »at tin 4 u k\ * plane me no longet straight, ms they are in 
4 and 4 btgttir 1 ‘4u*W‘* their general shape for q — 0, q » 0.5 and 
*1 ~ 1« in the i afigr loan ( - tt to c' -. tf.St It is to be noted that, though 
hi n in noil and thallium while negative in aluminium, gold, 


c 

fm 4 



.♦ml «»»•!, txtrmim, the hues in ijmwtion art* of the same general shape 
and arrangement for all five metals. The value of K% is positive for all. 

Kx.imuiidiH* of equation (17! shows that, when q « 1.5, C is oo OT 
i*. iiiileteimun.tr In the latter r*w, we may have either X' 0 •* 0 or C i ■* 

um \ 



When <{ is made larger flsm 1 1 but aud'^t Met " * * f > h*4t* 

of C result* in nil five * 4 ’ the metal , •.«* tai n 1 h e- * *A.4r:mu* I *V »% no** 

The following tables rejuevn! tm «c nh . ea .d‘ ' 1 1 Vf ’- m u - w.’Ub 

for which Bridgman gave the \ahn-. m • m f hr t t. 1 . tt-i <«* 

A clnsli { ) in place of a itttttthti w*lo o** \V ,e 1 4 | v 

negative* and that a negativ* value iti 0 » o’ 4 ^ t ,h 4 * - 44r 

The values of U> r bt at l»M ate Mood lo u.> -4 "* 10 * n 

The 4 of these tables U the Vu.mn. ^arnts.d need,.I 1 a 4r 4 t? t4: 
with the uttrnotitm which an election nine, ^r$,*tsir to Mr 
ioni/atinu. If this ioiti/mg jtofrftftal »•- I ^4*. i-» evaswp!**. v* r 

work of ioiti/atioii n alunit tS'd'ni 1% rnp on e5r# n-e I'M - #i.-en 0 
work of ionisation* to provide tin* ktstrfa ewrtg* od thr f *?vnp 4 th r 
gaseous slate, is 2A f% f f' erg* |trr rtrctn»n tht 4 1 * * f ♦ * , u« m 
ionising potential of attottf iMuh voji, whnh nova *4 h 0 *, tin a, 
of the tables in order to get the total lotitrtm; |*anOod m Mt : 

The general significance of flu- tAifn k\*u W o'! uvo .Or ! .* 1 4*% 4 
with mimtierH taken front table ! ft in th*- A - -dm- , ? f r , ac 

the Thomson effect In at* v* found tm Budgiaun 1 o Mo * ,%u l*t 

accounted for either tiv 


taking $/ * ?♦ £ • on, 1 , 1 , ** i.u ' m * * - 1 

or by 

taking q yi *1,1, ^ tail, * . f *i * > ** ? » * * 

In the first nisi* |i> 4 id mill t# itaio at Un* \ %%hvx ,a -/ <n ; . 0 

will Iv thdh 2 « tf the value *4 < I,, w * , ftirir .Iir , 'Ooe r* ho # ; « *4ir , - 4 
4 * etc.* that will amount 101 a I liir 4.o*OHnO ^ u" r «t f •: 1 t*4 a«v 

vnlne of r between IW » and 4 o%, 4 itd noioWiIr , -n?, - \ A Ut ^; *4 
tills ratio, 

Flf-d (itttyf* Mi‘|4o, »,4 io>, d !% • o ;n i |» t ■•■ ^ 


tJMiie 4 4 , » ^4 t 

A 4 “** * # ‘S, — 0 4 . — 
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Comparison of thif. with table t * show® tint igf‘<>u*n: the * atur 
small as it is, uutkt*** a g*»<4 deal *4 dilfneinr m tb<- > able* *<) •», f 
comparative little in the vaUie. o» ' { , ; S *? J »< .«■»«.*h «!..!*■ t So mrtn« 

of equation (I0>, 

Uncertain as the value*. «*t > fc, ■ k, air, then in tittle < « m t«*i 4<<uht 
in most cases, if my theory is substantially sound. m t»» the dim-tion «f 
change of the* values when the tvmj»er»iitur t» raised Aevurdingty 
I have divided ail the metals represented hy the jiteerdtog table* into two 
groups, in the first of which d> > J -- t® great.» *t i-** ' dun ,*» ”* while 
in the second group the ratio hi question is grratri at o* 

For most of the* metals Ilrtdgiriittt ha* determined the jiip%*ute etwlK-- 
dent of resistance at 0* and ill)*. For magnesium ttu. * aUsr at <* »adv 
was found; for bismuth the highest tempriiiiiirr w*ed wa* 7.V For all 
of the metals here considered except bismuth the rorfbrierit ui qiadMi is 
negative--that is, the resistance decrease.* with iitctea* .4 prrMttrr - 
but for bismuth it is positive. I shall male »w *4 what thidgm-m .all* 
the average pressure etieflidcnt , tht average value of the cswltfcirnt through 
a range of pressure front t> kjgtti, to liUKi kgm fret square .r moor in I 
shall let ** represent the value of this coe®cient at tt - , and »i»* the value 
at 100°, 

In accordance with what lw> l wen uiii u» the oprmttg j**r agiaph* 
of this paper we should, other things bring e#jw» t * I., dreirw, 

numerically, with increase of ib f i k} in mrial* b* wlmh * ♦* negative, 
and to increase with increase of CAy -t m mrtal-. ha which « »* p.»ttive 
Accordingly we might exjmrt *«i t »«to tie, iu general, a negator 

quantity for metals in which (Ay -s frj mcresws with rise trmprtaforr, 
and a positive quantity for metals in which |A> »• k\ devrea** with »Uc 
of temperature bismut h of course requiring exreptiuniil ivmsideratiua 
The table given below enables u» to test the vstiditv «d the. esj*e« tation 
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In ft paper already well advanced I ilnll mtdeitalte i*« dtt*w ln»it to 
lilt data obtained in flit 1 preietit jttijtff ettaltle 11 % In f§« |$t tltr way ♦*! t%* 

Paining thermal muluetum in the metafce here dealt with 

»I^ fB i* iiltitiiinl ft#wt r»| ,1 ul mm *h*h# **» iU n n# Wn*§ 4 l 

d #«&»»? #/ t Vn## 4 /f ft# *<*!*, l*V tlfilll <** * HfP 4 tf , n J ^ ||«| 
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iri|«st #.4 to iir 4 i# * V it 41 in in ii •* utoiiiic isuiofi mul leave it free, 
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?r-,ah m4i |»*!44«aif ot the amplitude, the 
In i|M - ' < f ' . ‘ 4 ^ * moo-«; md ah *n|wa| will he npptoxinmtely 
mt*v .! ,, m ( *i T* >ai| ( riio * I Mbtaitou fot *»iun!l amplitudes. 

I be* ?h<, s •, h- l(J . ^ <4* tio- - <\b* i, pin)u t* the i*k i iirtrtire of (approxi¬ 
mate ha, ' , 4 *4, a/a 4 ?i 5 *i hem 4 dtficrmf inteipn tatioiu The 

> ♦ h 4 \ ^ } ,,r-{ i f Hu tlir initlrriiti-* jttiiipiltg from the 

inn! , - ; w ^ % . f ,,4 di m h* ffir 4 1 otid ait oidittary temiH*ra- 

t in * , tlu a.i i ' , ! ri >h ia a *e,.dh in the wound steady state ii 

,t ah, 4 h m*' !,-aa Vi *tiir to the tMolecule# jumping 

U Ifi t t •:'! i!4:' I« * V f}w#l 

f * n m «a v* a a 0 * t i- ^*»t! ihrt-n miei•> theditti< ttltirsencountered 

h| the im 

V. m'. r. i ■■.. ;M'> <<i " v,‘* 

1 ! r (,.t <!•.» ! hr W a b i h l.g «!, >.< i hr «rtitri i»! I hr " harmonic " 
h.,»«4 n ;,w « ,:.v !»• a liiitr mt*rr fh.Hi half (*f I hr wnvc- 

{, t-.^ih - j is,, f r!•,*« jw*5r*iK vmU> th« ww fhniry. Wr may 
4 vtun*r .% 5 , 1 ".^ w«r,.it .im|»hni«l» •» tIi.it tin* rquatton 


l . V 1 ' ' 


a f i # $' «, * ,ii i 





In thin mli dt‘\rt \\u' < f /' ''*< 

wlun lli«* >implitu*!<* »m n.'*« 4 1 

slumM innv.i i h\ a MiuHn ,,y ? » (t ^ * ’ 

HIVinii! *4t*atU "*l4fr b » tb*' th'4 4 t ’> \A U * * 4 ‘ ' 

st*rom!» ami tltr n^fiirta \ 4 - * *5*4 y - - >« : 

Htvifr fit the filial 'liMiifa },r 4 UH* f ^ 

fia^tflg fiuit! flsr til f b* the i 

111 ariltf* to 4 mw that I hr }»I©m <t\ *h>* ? 4 . * * a J 

with the «*b*m*af t*lat:w s jujm u \ > t 4-* t * 1 
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!l*tftilft tlf fin if H tie* ru.vtry to if^Sn!^ 4i *t u»»’ j&aathr amt* «« .4 Vv» 

Tin* writer h;t* in %n futltli^fi^l 4 lull .«*»"<**** * 1 bu u%< - *br ,ra tit 
nirfry of lti«* infra wf 4 lwtifili*a$ hmdt .4 Im? asa. i,^! \hrt% P^r 

wvlrtmm ftlW I4{l{«iltntlll% b* |ilrv»ail lh,*! llifVH' ra > <my\«Ar h<%m 


The Ahvmukthv «i # fine iwnA'iiiiii Uhrnp* m 

l>14fti«iC ttA*U*L 

Accortlini to the elemeiitury theory «f tlir nifiirttifc* i«f the iiifra^rwl 
absorption biiniSn nf illitninii' % paa* g$%m h\ Hp-nnu^ rub wf itirse 

1 Rtltrfac# N«, «» p* |»l, 

•Tilt llltfirf WS* tlfil itrtlHl ill •#! i|fl|li|l»| 1 * 1^4 |^|*f |$^« fill# ^ f?w li&liw-it’J 

AlWirpIflft It||*|iisp| t* 4 M* Hli*t tV %i 4 pi|I^'#s '4 I Hr If*# 4 S'- 

tl»ii»” tmi Wort ite #t$ j#, % r 4 , 1 *u*/*•>****! 

^ ©I Ite i« lu !«r 14 1*4 pk$Vf i , I# *>»** ® V # \ * * 4*4 

tteft. 

•N* Umtm IMfe, %*rili, i|.. |i t%pmb i#« ; * ., tr, 1^,14 ■{&. 
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15V 4 * ' V* b ’« • > • 

4 I . *m > *• * 

Ilf '|’.l, ’ * ! b- , 

iu ij 1 :* t * it . > i' A 

■.. ■. V, ’. ' 


p • 9 **nnn uiur roiuuons 

* f, ‘ w ‘ 1 •' **n m» ntary hands or quun- 

' u ' ; ' u ?tl quite appreciable 
i ' ! n ° M the rimi|iii>ifr hand which 

*' ’’ ‘ ! ‘ l lnt ‘h donate them in the re- 
' '' U]u - 1 he molecules are as- 

*''*'**' 1 l hr ladhition emitted 

Vi h i-iih with thi* frequency v f is 
; ’ 1 ; au ^ ^ t onsequently the 

a i * •*'* 'tv inr i jm« in4 pair of narrow 
’< n ?? il ;r to queuev M*ale is twice the 
V «dmg 1*4 tin quantum theory the 
1 • 1 ' ii: }> * irJ * Ma! mult iph * of a certain basic 
' * * 1 ,>! I biter lliiMittly frectitetictes 

gi%rti by tin- formula 


* " ^ * / 4r »- I 1 ■■■■■ h »* 3 * •••. (5) 

1 * '* / f ' * -O',' e an, l«i dull tin! \ able i of p should 

h* * P* • ‘ • ’ ! ^ b 1 .do aplSMii Ittjrs t uifesftofldttlg tO 

r,e u v *< * f s < ■ v v 1 j * '.a .* M"ap of utolri ti!r%, they should be 

il 1^*0 * 4 * ' 1 '*'d b ’ h« 4 lie* tin not tlir li«r» 1 urrrsjMindiitg 

4 n* 0, 1 1 1 4 / > * * o » web ilir mtmhct * ot molecules in the 

44 * 1 4 ce 4 % thr l*o K e If mil 11! utiirh these lines 

40 * th* ■*> -,45 - ' f r ' h‘ 4 - 1 1 >*w 4 > *4 »*< ? ,d ififtr.ifaftri o! a symmetrical 

doublet 

lie 4 * * o?pr, «o a h,: w 4 ^ »n llir aptM' 4 t 4 Ht e of tin piitirtjial bund 
lis !j4* v.,U a o 1 '4.4 at 1 <4 ||i ) sfl % r<| by f If, f Itiilsinaite attd the 
wofia * f 0 \* , 1 *4 tfi* quantum line * are obviously 

lh«’jT| f> ,4 4*04 ^ hp/I lf< 44 a 14 i ' 4 dr .illfl it is evident that if the 

b.iiid 1 *. -!"#•. m* ! *441 i mrf* t o| loii iiHokitig {tower it will 

appvii 1 • I-* 4,041414* eblet, the tt%;li fm|ltriir\ ma\mutm 

1 fir ^ oniroM I bo ^i* 4 ip 11I lute, 4 twl the approximately 

loiifu^ao, k u jy d,r t »m» '*|rtifaiia Mr the otif% iitft.i red absorption 

b.oeb 1 ! ' ip- < ! tf.» LiC i ^4 ^4t,e ^ who It lial'e I writ tesolvetl into 
flirit * * 1 * / 1 a,* 1 1 but fbr iiilia ir4 ateaupfioti hands of the 

ofhri d-at# sr. 4 o.rv air 4 ra!s «Jv anl muiefnc dtHlblefs. 

In tiv » I -O*, , ^ | H I lie .enmmrtn e* due to a decrease in the 

lirqtfrn,, \ #1 1 ' .'4?^ ii w \h 4 ?ignhir vrhrtfy, This decreaie 

irsults is w tS * SV444 « o*h d flic tm of itirre win*It governs the 

\ ibi.iO i * at t,« f „ 

111 *,|4r| 1 


4 b‘if Inpahr^ifi to quantitative form, we 



llltillTIllr, ll tt :i! I**' >r- 4 4 '4 * 1 / *- ’* 1 ’ r ' 4 ft v w % 

and m- h 4ir ruttvun ?,h*! m I < . i , 4 u 4^#* 

tirlmt-rii flit* ntumn n \*u\ * 4 4! I t 

**_; **J . M <>\ 

1,1*1 ft <lrilt»lr I hr 4!i|jr *U Hm 4 * ft * < ! uiv 

fixed Ittir in flu 4 j*lmr ,4 fin v i - W ‘ ' ’ « . ' 

fur tlir kilirfir Iliu 4V »4 fllr e I 'm .. 4 •, w i r » * “4- 9 .ft 

' 1 ( ) ! i| 

1 )<‘iuilillj{ till* *i;r( K ‘, 5,4 -| ; ,(V 'l -■■* ' ' i' s * I »i^»- » 

t'(|unticm«, we have 

i! ., 

m >*' 1 * i - f?) 

and 

m V!j . 1 

Kt|ll 4 tiotl IHI ifiim fur !u till* mummil **i tin* *< nu ,*n* *, >i do* ,4n % nW 
tftoiitrttHtttt, Tlii% itniv hr mfiffrn 

m*t’•$ - m ; U J * t ) 

wlillV §41 H avaifttui In tfr thr diU mu r \ *• I & rr h fir n a* 4 4 din 

llloIlTttll* in ill rf(ll$lllll|IItl| Jt It'U tthp 14 in dr .ir^Ut 

of fitr liiovinn itntlrrolr mhnt { |nw. <fc» i ,mr ;. 

from ftf) into i|J ivi* ofitnsis tft#” 4fiiu• ntod ©4 tlu^ % 

motion: 


#i 


iff 1 ’ 


** - #%;{! i in 


i 

? i 


fml 


I-#4*t £/ tlvititfv tin? iciliil til vibratory #iti»| f*#!11 *iiitiiium 4111I 

lift ft and {% tlnsiitr tlir mmmmmn vulur* «l f* Inir* 

yrntion of vcjiMtmii (to) lltt*it tlii? I«illri% 4 ifig r%|»rrm#i«j|i l*»f liii 

(HtriiKi iif fltr vihratiom 



tit} 


Obvaniiily £1 aocl f$ art rmt* ©f tlir ftpalitm 

,f Aslf wildi/ ^ % 

i - m(i - ^ tn iii| 

3f 

a# can tie id«mifi«*d with the mean angular velocity *4 tin* molmtlc 



u l< ’ ' 1 1 1 1 il1 - llx ' n >llf that the period of 

, !! ' 1 ''' '' •’ ho», that if r, or its reciprocal, 

1 ‘ s i'>'•.!. d into ,t {tower series in ii 0t the 
“ ‘ !l ” ' 1 ' ’ 5 ' ' '• "■ ! '1* hi. v a reversal of tin* sign 

“ ! ‘‘ ‘ '• ■ tlu- frequency of rotation 

! ' 4 * " 5 :!x ‘ ‘ ' J<*r /oil, angular velocity by Wo , 

\%> !' ■* ;• ■ • ‘ • 1.1 »H*0'Vii).unnt 

a/.W. (13) 

1 b« * • • ‘ > iuti.isr.it ,,! thr total vibrational energy W. It 

wtl) b«- •b.-wii 2-to-j that to k« a. t.tl we stwy expect a to be {tositive. 

It ft. adopt ih. ttuni.iment.il h\ jtotht-Ms ,»f the writer’s earlier work, 
whe b i‘l« otilie , the !*< <jtt, ti. v i.J ubi.itiotj of the molecule with the mean 
of the two t.nb.ttmn ii< <pn ti* ir* alwodted tor radiated), and combine 
njii4li«as* ■■ % .in*! i : . *«*<• *4it,i$ti 


r - :k: {*¥ h (14) 

Tin* in tbr n|u..i1 1 **ti !mi ih*’ of thr cjii.iiif 11111 linns given in the 

Wfsfri% hurt * 4 ,iii*tiir hi «*| the ilimry of asymmetry. 1 If the 

Valttfr *»i *01*1 rj .itr |tfMjirflv t hunt')!, flit* formula gives the ffCV 

t|iiniiirn 1 4 ilir *jinuifuni Imr*i in ti lr 1ft 1 fundamental with considerable 
art in 4» \ *s *hr dado'd liitrm in the figure*), 

1 'lir o-i 1 Sir line* m 4 ftttr Iniiiiiiiiiir should Ih* given by 

* " •* ^ ‘J/'bV* I $n* h (14a) 

f'^uatam 1 !- ri ?!»«• ’Mm*- .r* > tj > and gives the frequencies 

thr i|iM 4 iina Jm»■> m thr twiiiioiisr tut reedy if the valuer of 

thr * *■ .it, 4 a .ar iiM, 4 |in 4 rd, No 1 rat tj list men t of the value 

f*t r, 1 , im rb f,u \ 


1 fjnato’U \ f S * I" r *‘ * ! ii >4 fit will* tltr fmidainental hyjKitheses 

trg,it fhr intnir »4 ^S;r m itj‘ radiation on which the present 
t\ h.r;* A to *>%do bimg thr tiinny of ♦symmetry into line 
m-iili thr ft- to nr ?i v’.i .4 iMiiiir t}i it t^tualion |,|) gives the mean 

nf ifir owi?r 4 r.nd Jnofbnt by any tine group of mole- 

ii$Vr * 4 <14; ^411 flir jiforr^^t *#! abstirptinii, we replace 

r«|tMf i< i% ' ^ !*n 






{ t> A 1.3.3. 
i U > ft- 


(15) 


fc ih H,$(•*■>& s*<. T $ 1 , * rr it, % j^i 

» Hwf - ... a tir < , V ,* IV s |^ 4 fc « 4 i $» ||| ir « 1*14 tiff t » l|tl ffW|IIillCy *Wt 

I # c 4 *^,14 ,1 0 c O .n i 4 Or 4 i *if tin rtf v om^oatfrt if itw chaup 

ihf i» > f C#* ft «?. * \ v.f C 1*f| 1?^ tr.^V t i*!r m If I# lfirfr#|«lffl »fllflllir Velocity 

4f f 'if ?rb ft. . I 1 

* ,%i, >,* k i^ik ? rn % rn# *4»r | h) |l#4i l« r*|i|#l«i I hr rffitt, CL 


Lha .% 1»4 , 4 ' 4 Ji 1 i 1 * *' 



irn lilt* rnri'uv m! \J«! jU ? • - " f 1 ’ f’ 

Morro\rt\ tlu* iviM-Uit a 3 *. j. 't'""- 7 ■ ‘' f ' H " • 

tlir iliil.ilk>il 


i*k|li*ilkiii i i ! 

* /, M - . < . If i't 


CkwiliiiiiiSH ‘ 15 * and ,|f< > 

r t \ * * u 11 ^ t ^ k 

111»/ , * * ■' i ' . * ^ , 

Lrl S(t 1 * r*f .Hill ^s ; h*' tU'hti**! ^ f .‘m' r.[u 

\ f », f . , ,v » * t " f < i 1 . 1 

ft •. i *, f 5 * *»-" * ;4 ' v ■ 3-5 ' ■ 

Thru 1! 7^ l*rn>tm* 

r ^ \ •„ i *1.3 ?V 


l-l 


tfc) 


Titti rt|tl#4f Ittii K *4 l!ir -amir l^rn n I j » * - ! * * flu* 

pewit it m# of llir lilir-* ill rilliri *#j ?Im Jtl I I «>■ ■! t * Hk --,n J ^ «’h,ui 

Tlu* pprrilk* rjspti • mom** f«>t \ .ovl % * $ i fi* •*> i fir-t 

hnrsmmir tiilfrr 4 t t i**i 4 «i 4 r< m?* ♦r'l.or* i )( a ,mi » « *, *. n 4 4 «-• .',r V 

vallii 1 rf r. If it in tf m | r 1 *;n4 * * h * *b 7 fyr, 4 II 44 # 


§. » J'4 : • u l 

In flu* rat«t* tif tlr ftM luimmui m* 4mm%t th**t h*n« -. - 1 .*r>t , - 

Draining tlir \iilut** tif ,V anti ft 1*4 lltr fjjtRi 1^ ?!k v,mU<U 

jV # »iml ff» wr ittiLiiii 

A # # f„ m* * t m , 

« # ' s^i 4 5 4'l 

If# l>f! tin? lilSlrf ll4flil| wr athiftl flir »il!nii*tlnr \*% f|; 4 f 

i» »4 jMtfiiitllt* v,flm* nf i # tlir ali*n'i n|ii4li^$^ 

,V -'•* f „ »l 

ft «iai; 

« jiiCj|.* 

In ritlirr r+iM% if n wrft? iiiil#|M # iiil«5iit t#j lltr rtirrif *4 % i, Ilif*iliiifi» W 



wo’ 4 * 1 ’* ’ ' : ‘ -n i tin aim* as that called for by 

u 5 * ' 1 ’ 1 1 * u cvprtaanit, since the observed 

* c r 1 ’ 1 ' ' ’ *• IMf ‘ tunt* IV and % is a little less 

T 1 ! 1 * 1 ' 1 ' 1 ' ,,1M o i < initially as the energy of 

* * ** ’ f * ’l hi tsiltri ease that the ratio of 


b; ** 1 ' 1 : **' 4 cf o*\‘ **d tlirory of the structure 

< ' d f ‘ ! * ’ ^ 1 o ii Vm oiaJ be mre*sary to tlerive the 

* •* 4 ’ A * ' '* ,f ' ' e • M V, $, and H r on the basis of a 

pl"‘ 1* 4 ^ * cuy ititielioii 4\ Mathematical 

Tc ♦ a?: * «> v, ■ . ^ % o, m| aif !t a complete solution of the 

I 4 » e, . * f V> ; i , o \%4 o*e f i^iifmtf ourselves with showing 
fh u f !o * * • ' f ^ ‘*'s ' ” *T- *» v tent * mentioned are not unreason* 

d»o I ** / < ? «*- ^ ana a Miuple form for the potential 

♦ m -o is* ’ ’ d’ ’ i, a, Un n iu the frequency of vibra- 

11 v, *r< ib d , * l , f t M %uth tin* vibratnuial energy on the 

Kts * * * *d * o , * * ? • o n !h o ihr amplitude of the vibrations 

i mV' 

V! "h-f e«< .v ♦ i 1 4 A A«! Mii» of in icgard to the law of force 
nb < S > *< « •* • » < * T»- au ui f . $'i that it is asymmetric in that 

th< • *< A i *s*o o/ o* *** s n- ! o i^yalh mlini the atoms are com- 
po > ' 1 \ >,y tb ? tu ^ v i, , do *, in ili.iiui apart. A simple formula 
It o.ou, * V ,, o r*.. a * ■ o t ;/ ‘O I i% * btam«*! if the force is assumed to 
f a # o ,* , , - i o : ci i, t“ * o 4 iib»nril with 4 reptilsion varying 

*. eiy.os ^ tl* dea.oH <• brUieeu the luiclet. The net 
s ipu!cv** c 1 a K* iuu triii,a-, wl\\ then be given by an 

rvpi* v^' >u > 4 * ^ hi, 

t .. • ->i " >i. ( 23 ) 

m I;r$r a ,o* 4 ,iv - c *4 ml 

*ntu * ft o' f' . - <■ 1 4a **'} f t I s % > h mJif H { {*fj* 
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|« s 4 .|r( »«. Cl.!?* _ | t». toilJ Oji..w it iiit.t tlM* furm ( 4 } by means 

t*l i t * i’- tsiill** * wlii't.* tbi* »tn|tttl>tf velocity 

l»t }v\' 1 I■ > I ! 1 n 3 .%"*.** 'it a'i* i -*|H **SU*'nt l* 1 r%|>4t3*l 1,0 »Mttl t 'C UttCt JX)WCf 
•<■(»■* ,hIk i t i **■ j . I ■'! 
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III €&IH* itll* Itftj|iil#tf % r}** *t\ w 1*4*4 #r|j^ l!;r 4% ,/r # i 
flu* inliiriict tif criilrifiii#iS tmm, «j i$mc the r«|ilil*l*liistii %-alttr «»f j 

changes from f» to f», when- (<, .* i.**t <t 0.<- n 


/ « > \ 4 *»t».w 

\r >v/ r* 


if j# 


It b convenient to introduce the quantity &{ 4ri*»»r«l |*y the r<|ti«iM>i 

&t - f» 

Expanding the Wt*hitm! member nt equation III w f r® fir |jir<t tiflj 
terms containing the square* anil higher $mmvm *4 A|, *ml |« 

Af» we obtain the approximate value 

. _ mtlJt* 

mi m 

mm 

it .n * 

By the introduction of the frequency ul rotation e< ami t*y thr use u 

equations (atm) and (3fd) the above can be mimed t« 


m 


i #tv 
w/ s * 

Slttct the frtljllfllCf tlf ntlatioil r# i* h*» **!l t»i»r*t f*t**frf & »v$u$*!«*t ^|||fii 

* K* ¥«ii, if, 11 Cit’f., |i 



.. ' ‘, u ‘\ 1 ' l, ‘ ui \ibr.»tlon, we can neglect 

^ '* ^ ’Ll 11 f 4 . 'is 1*1 - * < ; ,, 1 ! * j! ♦ I 4 


V *11 1* I 


*'* ** S .**’♦ .) „ 


(29) 


l-Al.-uuling in -n, , «hr ;„,im Cl , U!tl diM-.mling higher order 

triiu*^ \%** ihn>\k j i mi*, thr luim 


ill 5 


*«« 
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m ^ 4 ’ / . i 


««<» + i) <>/wu„v 

' ■ •?>'>' ! r > 

t - n j j 


l a - (30) 


!.»•! !•’ and i- ■ On «.| k k s when % does not vanish. 
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*' * * ' \V | «« a | lli#i f i‘) 1 

' i. «; | ..f,,--* + 30 ^J. 

Ih • <* Uuthrt, 4tit| with tlu» help of equations 

>2***'* pi , .m 1 j’i (Sir r\j»im' 4 i»in fur k* amt k% can be ra¬ 

il or r 4 t*.i 
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Ln « tlniiiir tl$p lrr«.|iieitc : f «f vibration com^jHiiuting to the angular 

<fr«.|iiriiry' r, ‘t Itni 
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^ ' ’* 1 ’ 1 v ‘1 that the present extension 

<■: ti ! -' , ' •• ' ■ v, 4 Kj. !th.»o\ law is substantially 

*”i • ‘ : 1 1 ' ' ' ’ 11 ''* blank’. iadiation formula from 

b- •' ‘ ■ ' ' • ' • !!>*' ’DHtiilurlion of hypotheses 

wi-b ■ • ’’ ' '' 5 1 u*«■!'. Tin* writer will there- 

• * •’ ’ - ■ !'i »’'» iiiu «li'.«-its.sii»n of the relation 

* 3 fb' *'* ■ 1 1 hope that he may later have the 

p/H'**.* * ! sfl • * r '* K /f r * n n 'piautit manner. 

I*'*'* - 4 *' * '* o that thr raiinof the coefficient 

f u * * 4 ’ ' 1 ' *’ 1,,< 4 r 1 ** u d^*'n* v y to its coefficient of ab- 

v M* 1 1 ,f * f * ,f < * 4 4 ” irf *i * %%tu n in 4 state of thermodynamic 
r*|u» ? Uooo r o dm <- t >*•* a h iiHnx ii\ o| Mack radiation for the 
s,df4* ^ o i a f ^i 1 * 'o I ^ f * )t4 *4 \ ’kwh*! t*\ the mfitarr of the index of 
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l) * ’ u > " J |f «4/ «. v% if infill groutor 
*' 1 * M •* 1,1 ‘ k-?t ;iftriltnttal to 
1 54 * 4^4* tn In «imis<*ii s 

^ ^ Stllfin iitnl ItlHfi 

' ) !J 4'Iff? Ml )|rl|||||| ( tf||* v |l|t|f4f 

' "* f 4^4 tMM» I** out fmitiil no 

' * * v ‘ *li!^ l4» ,s i 

/ r n tnufi * In tiinitw of 

' t , \ j %\ fn $h, nit*I with a 

’4 54 -As i\n 4 t out fust itiitiib- 
1 > * ■* * ^s*4h% luili ‘.fpiiii litto» 

1 + A I.M h li III I»«rfi ultH rV**«l tn*- 

/ ‘ l«4i»n?f t«* ftvtlm* 

k ^ \ !r |i* fi|mu tin* fib* 
* 1 > f 1 ^ fotrtUi in ak*iif tin* wittio 
. h f M . *,** 414} <4*1 In aihiitiiitt* 

’ *4 i 11 § s i4 *4 t)n* otjKHuns 

4 *l Hiiir} Mont, non nmttttit 

' I ^ * 1 4i«t tflHn ‘llrrrgtfill 

4M i t’uj t*,i ihuh m\ to j;wt A41 

’ t * .it i% i4 >r|iariit^t} from 

r ‘ >!* ^ ifi *n on miMi/furtv 

" , nr* ho* In $Ill|llf Mil *|t* nt 

v t j m tv f#- ir^ariloif witti 

'H4 4 to till* Ulliig K«%H 

- f 1 **‘ 4 “ x i 1 it*/ tiaf ii fating of rtir» 

• n, f i’; 

V M ■ \ a f.' . Hlllu 


' TlUhi' >' ..- • • ■ i, 

I* .< , ' ' - ' • . ' 

n.r JfV,..'}* • 1 1 . • ' ■ ■ 

J * I *, *’ t i . ' • • ' 

» ‘A % 1 ' ' * *( / - ' ‘ ‘ ' . ' / 

tliiili X 4*4* 

If 33 /, 4- ■ . * : 

>•<** * if J ;v ;*» * > .< '• ' « . 4 

rtj i f ! : *« * ’ « ' ' < s < 

^ f if it ^ ( | 11 i f * * ' * ** i ,i 

fiv %h it,*/ * * >. v ' ’. r ; > ' * ’ > j v 

o vtvf ! % *■% ^ 4 * ' > 1 > * { * '* ? * ' * - * , 1 • 

i*t* tli* Iv4 cku^htu * 1 1 * i a/'' ^ i ' ,a „ ••, 

II }|» II V».|f nut T i tt% s * ^ f.V v ^ ' ' , * < iU 

% ImR, A|f h th< I > V f« u > •’ < / v ‘ - , * V 

flit’' If ♦**?* 4H<* r |» v h’,> a’ 4 * 4 * , 4 / 

IIII1114 H t til, 9 1/1 ^ |f 7? 4 A *' V s 

i§tf$fr 11 V>«*t<ijsU' ^ .. < ,' 4 , a 

^|«*riftlfit 11 if -iff 1 . 1 *v * / 

111 t?i* 1 * u \% "♦ 4 i f r 1* * ’ , » ' 

*'}#*<'t|ii*| |»?lr r *«A tf*Ts ; I . ' ' . ■* * r , 

l^lflill^ll \m* >1 11/ >^1,11114 1 ' * l, ‘ f ^ V 

fil#^ |if|t$i iffiil r ^*a f* , *4 Hv ' »i< »" / , , 1 ^ 

llltltt# «f ftp ’**’ |t|pn J|>/V< 'M f ' I y > ( *'* '/,, ^ I / ( ! 

li%4*vl ItifHis- hgtir* ^ { f„-^ ; " * * r I , • i < n 

T'lkiw tli 1 * 4 , * < ( 4 ’j\< «* /» * <* , , * $ 

iim^mg ft*4u if % 4*i^' I ** a I $ ^ , ? f / • 

Illlfl mil I Ilf* III# ln*i % 4i %i.A i4 *i <» f. vr^*,4?< * p ^ »,V „/ < ^ f / 4 ji 

Tli*' Im* W# vnrt-*'4»4/4^ u* Uw 4 r ,» $\ / & * ( , ** 

Inn* 111 tin* «|^ylfiiin iif* I 1, rf 4 , i % , , » , < ; ' f ^ ] 

ijif«%*»|v u* ii^nr mill fl« » 't| -4 1 * i, . I, , k ^ ^ 

ilift m»| I ' i tii¥»tr*ii |/ f 
|ii:^i 

1 H I t «ffft|?f«ft I f t k % > >'$,*>%% V , # ; r V 

ft jicj 1 f tt<4 * |l ,1 I i i JI 

• l%illiffifff *w 1 v--, //,/«! 1 Vi * 

® 4 lf«l|r|i H | 4 |iii^v|nr #l | , 4 # 


I-1 V' i. JjmiAfv itjio 


\ 1 ! I r 1! i 1:11 * 1\ Hir sPFCTRl-M 
f*. Milt M 

i v % v i, i 

'< - ’ * v f 

* ' *' ■ r; ' ’ l^^ftsissiifluiiiinirtm- 

** ‘ * ' ' ' • •. ; ' * *br |Mim. \flrr iwikiiig 

* . • 1 1 * *' ' 1 »‘S , 4 *V» iW*l ♦iliwrvAlbiii by 

t ' • ' '' * r ' i ‘ ‘ - *• !** ^v«.vMuv*l M*wri til frlpirti 

1 *M Hht* rn iwtfr trnm tif 

i s 1 • 's',, » ? , , Atf bt *iiii* iir itllirr 

' ■ ’ ' * ‘ f f *'* *■'«<*! ;^ 3 K’. »*f * 4 iiirl«* linn, iinti 

* 4 1 sf A*»?i f /f l|$r^‘ fill* ipwtl, 

I ' - 1 J k *(uh <%a\% »imiiI llir^* amt 

, , * -* * ’ * > ' ‘ • " *>''* ?* ^ nf I Hr trail* 

s ' i 1,* <»*. t w<m% i\\# nill nkf flu* frr- 

* • ' t - « - 1 • .'•< *'H *> -m * ih ni4Mmi ibnt 111 

I ■ : ' M . M ».* ,* i i<n >ii{i-t»iti!c extension 

, , « . ' ■* ' •',"«■.• '4 A. S, King 1 pub- 

.•••"’ * . . - ,i si n..*;,s «>m*tmK the visible 

.... • - , . ' ■ ’ •> < . !IIIW, ?!■.»«« 4 VitMIttm fut 1 Htt*e 

,i, . i . . ' 1 ‘ u I. 4 »!>«• i.ot^e »4 these photo* 

„, t .... • ' ■ ■ ■ ; .■ : o..J I .•.!«>« plate*. t'HjHH'iully to 

*n tnjm All these he has 
- '... - ,',><!.* i. v 4W.U. ,t»4 jIh jT»nlt* art* ht*rc 

, i ; . • »!n . '.|j.,nU br ifivrn to Dr King. 

It %i i , . - ... ... t < owns! .Ml* *>t tin* ultra ml, and 

u, ,yr' .■ ... 1 s /,»..• 5. bit Ml 4 tfjtjl IlHwmt tltC 

i.'.iVf. ,>■. \ •' ■ *■■ * Mi}:»>. n xh<«il<! »»!'«* b«* HiJitU* of the 

,lt I i ■ U i. ’ I ,1 ■ :• P. i!r5» »x f.‘ .lH»l WVfllt'f* 

. ^, , ' . ,, , 4 » , , u !**>* il «<» KJl. t *1 * 5 • 

i , f t f , ,/ / ; ♦» • , V i %>* >! 

Ml ^ f f ^ Jl , W ' / 1 M « # 

^ . ,*. > I * If, I H l*#f I 

* ' m, # % ' f t •/ l«jtl 

* # » » * « ^ w i h • « * 4 




VJ f hi r tv "*« - 1 4 ; ‘ ' J 

k,iw hruvu n* n\ 

Hit m Inn ««( 

ti nr * in lb 1 * if <i , ,f 

^ )? f 1 .X H\t % !■ i ! s 

r |4r .rsi! |y||»rf 

1 ilJlLilil * 411 4 • 444 / ' 4 , 

S .-t 9 SI "i * <4W ’ i4 t U ! *V" 

^*'■. 4 % s ?h in mrll 

4 * *rA 1 nt! 14 a u \ 1 ' 

v t 4 ® -'i t 4 1 -I ll««" s -f -i ? 

f - 4* t .4 

M, lint \ 1 | t >n;n -44 - 1 - 


Uhr llir is.tfufr 

11 ! * yfLifit 4*u < 34 li i > 

it h 4 t!i*' 4 i 4 \r .yti 

4 "i’4 4% till flir^r 

t|in f 14 1 hr in i ^ f ,* ! * * ‘ * 


fill*:. Ll'sfc If * list 

mine **!♦ .rl\ Jfl*U <■ ' 1 * 1 n > -V 

ivvlr III tl#«” S.4f 

? 1 / r 4 ? 

In flu* iiiiilH ?4 • r 4 * < i uh } 1 I 

‘am itrifc ’* 4 il«v 1 1-011 

,U 1 thr /rrtiUil! 

Hh*< 1 in 1,1 ‘'I t«v! l; 1 1 />■ • 

r ll ,;|% i" tr*f ^<4 

rU | Vf!*!l*4lfvl iff 

full, lull m#tt tiM*! % >* * 

llir kiW ^4 o| 8 ^ n 

fin If * 

The Hill |w' f? f ILi 

lllfrr 'ti' 

'4 ,4144 

l\ 4 t tl **} *lrlii 1 viif mi ' 4* h u f 

4 V, S\** ' ' < i* # * 

" *44 n ! 

then* Mr i HmbJiinfWn ni< 

4 • * 1 ? ■ 4 

i ^ ;4 rnl 

|i;ifrf in h 4 llir > 1 

riiiig llir ’tctir'i iti 

1 * f* n ^ t nvf 

^illglf iitir ’A 'f thr y ni - 
U ir^mriS ini 4 tntwr m 

J 4 ^ 3 , 1 ' * # V * 4 

iCi|Iiri|i 

iinj.4»fi,*iil . luif 

llir results *%tr ritf-n m ft m* i 

, ' i * t % \ 4 i 

‘ 1 s r A » !l 

M 4 flrn %%ilSi 1 it-**\ \\<4t 

1 ?v u ? if n 

u '« i 1 1 ^/r# I# 

r\j4iiliiiS iMflirr/ urn! 1 1 1 

* Ufi. U, V,!? u >* 

‘4 ; m f 4 . lun 

A linVf rtjiiiliafuui t< \'%n* 

{ifitliatiH *4 fli«* tj j*r 

1 1 

. r ■ # - 

k 

4 1 t ^ .1 

V 

iii# in ♦ ^4 # 

' * v . # -'V f,i ir 


wflttfi? A* Si lllf sit-'ClIlrtf wfir% 

ftlF all flflliitiil.il | L J?i the limit ill I hr j i*if I k ii I#! %rfir% tit 

Iff li lilt Vifllililf itttegef; * 1t% it tUiftMiifti |« th«* *rf tr*, A* i* 

i ftiltlll.il, #l which i* if 4lf 4 \t> n *4 m *4 =4 k* t > i*n f 

which tlifiiiftiihCi fifiitltf Ittlfitfil 4rfM i«f llir «i|lrf titir* m! ji ncfte# 
(ft llfgflt III iyiltiffg'n ftifitiulii ft m lrfw t ill |hr liiflfiillii tif 

Mtipilllifff If hi* flit* value ' ; liitf thr*e ^iniltlr value* <ifr by mi 

it# 

mean* pnerulty u{*|*lfc»li!e. 

II 

1 he fiat tfuft |m | | ^ |% * alir*! thr 4 trim ' r 4* **e,*frh 

known f*lf illy «*f$r% 4 ’# *ut*t§» *»•. Ittr limit i», | hr trim** 41 '*“ 

1 44*% , %% 4 4^14 


* I ;}*/ f’Jk t m **,$#* *> 





u : * * ’ ' ’ ' ' #,J * * W'i . ami imf) In the four 

* *« t? ' ’ " t4y * '• UiC V S h s m«e, ami fundamental, in 

\ >» “ < f ^ s ir ^ * mf*\ likewise, for the 

Mtll'l*' il»> * ■!< — 

' ■ : -' ( • *'\ 'll \t 

‘ * •<"' - f < *” •>: * *>' ifipkh t in (\ imf), This 

n r *' 4 * ' ' *'* j *1 in fia, due to the sharp- 

m ^ >:r ' “ l; ^ r i nro.ue, and the excellent results of 

/ * 5 “' 1 * ' * * yvnluamo iii 4, The list here given 

-7 ; n ^ taint lifir't nut given In King's 
f r ■ i • "'t* *' >* ‘ 'tint* thru from his plates, 

4 *' f * 4 ; ' A , ‘* 1 ' t,f b*. fin* a ntrr lilts series was first 
J #4 * " f u ‘ tone agu* ami three of its triplets 

t ' *^ * < • •'h n* no*d j Sir iHtifse tif the rest of the 

I . •< - r *’ -ii: ? tr4r4 jiiiiuhL however, to be 

‘ M 5 '* * <* & i ^lifjunSf I *i "*et I lt% rh idly because 

\ j, 4 r.riybn m| f(« ^ri'irn is abnormally 

J ? : . ’ % •*+ • i —t—i— 

% * m 4 " i J 1 | 

; i / o 

I \ / 

I '"k 

! . * f i a.i.i . i. 

s ' ' ^ v iy if it 

m 

I ** » v- «** o* ih I hut" slnw r^fiiiwlnt rrmm 

I ««f t tr* fV *• r .i. ay 7 >«eht %% * I! hr ft* admit the {M»siblllty of 
\rgiiv Uk 'Ai.y 4 . tfx mhr i, ,iiir, nun ahrmt malty, I here in now no 
ih*\%h\ Vh k.» n f 4 S not ileierred by the abnor- 

^ - I** au*i ait arrangement for the series 

\\ hr b 11 - i hr hjtr* h i^ai# t itir tiiith Ifb setoinl member is, 

ti; tit r * f n /; 

t in? \t im 4 i a % 4 4 r <* fiir # tiffe'ljimiiliitg ones in (It ancl 
*7 4 u ,%iy i *«LhV t t *i fyf safe in wtir% of this type, It IS, 
|iu4f'. ri ■ W; .i-.k-s III to rsliilliJ this irregularity 

lUttr • m ,.•■ ,i. • I »,* ■ !»*nv iln* quantity ti+R 

“ | :</.* f <h , ;i,. , 4 i.,, |i„ % A*, 1 

















4 i nin* u 4* : .' . '' ' > x 

h ifttilr n ? f ' ./ •. * ' % , >,,r 

huw*nuMH’<^ !h.* 'ir.i ; ; . * 1 \ 

ll£M*\ III ]i ,. / »; ! < \ ? ' , * 

ffrifitrim 4 \'U'n"t*< -< *<*.*> 41 ' * ’ < * 1 / * * 

Ill.lIIlSr * 4 < 5i /! * nl> i * *, fi '- ' : , 

IHfu ** \f / ^4 u .4' <* , f >* ' «*; ; I l, r 

ililfllw fllf^r I ivUr J,.i K 4 * 3 ^!<*r * > ' * >, / '«‘444»% 

i»l all ii4%r , t i l 4 ^ / | | lr 

liitiil nwsi tin^ a*i*i A i.i't*- ?** <m !>v *<\i r ( \<>^.> va,%\ 

Writ**, h*t ftltMtof u < mM \ I Is- ; s , ■"„>* r a.' i)v,\ 'H??r f[ 

llliillgll % rf y (at (fon» * %* 4 ,,»> h >/, >* 4 >„ « .* r ^ 

mi it g«c». 

SShttfiltf 4fkf#4t«f )f- U’*u‘ , ’ ; 4 , " ^ • knu 5 -i 

plillfs $ht*W 4 frm* arm" Itfirn t#f llil*» *rftr* I'lir lar’iciitr <4 b*ftftt|% 

ftlltUcti It ttiflicftll l« liitlwttf titc *rtir* (aft Ik* hiii 
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* fti! tf#Ml# It,. ft0ii$$M! fcMf* 1 

f fl# litl || jjjiifl « |4»*4 l#4 n 

wfa,tb MM 


§fi4l Iff if * *4 it i$ffl f, ! i# ■tcflr.'i i% lti?^ ? ’ #11*1 

vtry iiiciiiii|i!tltlf Iil>i#fvcii, ll vt*ty laiiit hii*| lltm in ilir nltfii..^ 
fuel# It furwii Ciiiiitiifiilliiii ^t|f# tf## l^lnwl wlilrli aiv iiirtltigMii* 
to othtsfti In Cn Mil Hr« It in tinii- liy iti^n* tif iiim.r tk.ii it < # ^ 

cun hr milfcil Ttir nr»i fti|ilri in iiir l«4 IM 4 f«4llir 

imticil ftftstt it itiik to thin but I*. |ili|%It#liy 



: * u ' 5 "'V ’ ' ; ' l ‘\ ,ilrs Itu- thin! triplet cannot yet 

!-■ ■ t 1 ' - ' ■> ■ 1 -’i-i .an umibination ami must be 

1 ( ’ !■ ‘ - 1 ’' ,f • t 1 1 ’ ‘ UJ \ Ik *i Ahut 


! \*ij I IV 

J 5 **p\ ml - 3 
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i m UM H 
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|Hif» H ( IP 144 5 
t til* 

mi I 0 
1*1? *i ' tuHb 4 

*4*n 

v**W 1 ' tmi? i 
*** I? J 

4HM § 


»'*•->> » »m m <.?> s svstkm 

IV;n< ; r 1 ■»;; l<r »!«*-<_ 1 t,SV-fw/M. This series has 

t •« 'vp' <•»?..'*tf JU ddm till in work out. After the cor- 
•. <■?*«' 1 m 1 x in M m«Tr found, it wiih evident that 

11 w v v 
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ibr- •■.h’-HH l«*ss u. tu ami **hi»ulit begin with the flame 
lm< % , •, S,, ,»« t »ib* li-* I remarked that X 2507 had 

rvi, tS st'v 11 .> < j.a a member of this *era% Later on,* 

4 * 'it < i, s> , « f • ^ ,>* If, 't \ t 'r * 

1, ' > t * l? 4 f vtr* stw fiiifwttil it that time htt 

I i . * 1 % UU n 
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t 
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\l*! i * h w y * S 

Jm« "'n A > - 1 

w! tu ; , ' 5 > 

•n>>< 2ii J ; 1 r ^ •“ * 1 

1 lr\ s' ” * i - 

III If tfi 

ill Aj« * & \ % f m ^ 

I, !v* »<U»* i i - 

l»|!h In m ms* ^ . * ' ' ‘ * ^ " 1 *3 , »m ^ 

^*t|!i r iV* #1 fw V* ^ ^ St < .' >* ^ * < 1 n ** s * n *» «I * 

millsSn ill I |V 1 r 4 4 1 'n < ■ < '*'* 1 f ' n n f < 1J \\*%\h 

jitmMw§ it > * v* < n >1 * ‘ .• * * ' ’ * " * ’' *.*: U’4 

^ImIs 1411 Ills’ Li ' >* jj *♦ * 1 ' * > 1 4 ’• 4-1 

nftr 1411 s '! ffyfitw u y s * 1tf * * ' * « * 4 i m 

hirntity ,*! i* 4 t tr t V * / * ^ » * 4 * * ^ * \<eh 

t.iltil tlA h» M»sv via 1 .a* i 1 * ‘ n n* l 

tif|lrf% ly! t** >v^y J ,$t I In * 1 *! - ' < 1 v f 4U 

fttllriyihlt 

J Sir #<*u*w *4 ft# 4i‘ ^ * • >rf ' 1 1 r * ’« f ' .4. n> iwn 

*filjij»«f! lly* 4* * * 'm 1 1 * - / ^ * * > < * • * 1 s'* 

*lfl4 |>t I" 4‘l|If 4 Win * I tr n* r i *< , » . 1 M >\* m 

|l%n| In ttyniv <*1 j *n « 1 ttu *• ^ ^ ^ < » < \> 4 4 n 4* ^ ui 

llll’f Will i l$#f| llir |n ff41 n I *4 < ,n 1 1 ; ^ \ 

Tltr wiit^ y* 4"^ y rn # J? 4 ^^ n * } * % r n ^ 4 

§rilr% *»l lti|4rl s f y^iiyy^ ^ '* * ^ ^ t n ^. 2 s '. % < n4 

U %illl|*Ii* iifir jfpl n** > 4 W)*|r yyr n ? u y* n 1 / nw . I nlw 
liiir% hs%t ii«l ^rl Lr*n yrr.i/4m4 4 %ny » ? * 1 ; ’ * >4"»' .«r,4 
llirrrf*itr llir lull n tttir 1 ,»hh*A n 1 W 11 « ^ ! 

|l#^#w WtVi y| hmt 11 1 It/, r < | ^ 1 y 

| 4 VI«lfllll* Hr* rw4l^ Inf I hr i4 tin* J#rc^ in 

Ulill fill Irtilli tyftt§4rfr Jl% lit^il i|* '1 kh^ihH ^*>1 tin 1 |4iy 
ri|mlm*fk% llir in%l trim ill y 1 < n s <<v, f 

wtljrli In tmm Ii4 1^ liir 4 «$iwhnilyn* nJn h * Itirfr iff 1 

^VtfEl jmiw. itf iliirm ill ill!* |ls n|^flflilii Willi # Jlr*|l|r||»W *|iilpl ; ' 
t*ntl* *4 f I i%f i 4ll4 y||r ||f»r f4 « )i ^4 4^- 4 W |«y v y* .i nns# t 
*4 |//-i 4 -a* y, §1, i » ,/i^ 



1 ' • * * * .ttcs the existence of shifted 

’. ' ' uT '■*''! !■ If this number 

■ ■ i> i! nu* >t itM'lf be a term of some 

’ ■' ' I 1 ' 1 "t the -harp series, for (2.9) 

' ‘ ’ < -iii in- foi the fundamental 

b ' ’ ’ 11 ■ ) .■ f < the diUtne series uml be the 

" r " •' ® ‘ ' 1 * ’ ! bte -.eii»-, d miiujr ;tt this limit is 

s ■ 1 ' ■ '’ ‘<>'1 the is given below. 

H ■ 1 ■’ ' 11 ’/> the .lltleienee iiP)-(iI)) 

!--T 1 - • • ; '' •’ ■' *‘b<- .litnce ‘.ertev \tP) is 2*969,2, 

/.i. i ■’ u*s' ■>. . >. a mv.itiu «juantity. 'Phe oecur- 

' <■-. •• ' ■ t" (U . ■« . i not uncommon in series, but has 
*'■ t *<?'-< ’■ 1 ? * •. t ■< %i'\ ilitiu.e .ingle line series. It 

• •- m >u <■ ... ‘ ’> • ’ ■ » *" m the <Utsu e series of pairs and of 

t'M !' ‘ t 5 * fi * 5 • - " l ' 1 ’ H« i'h in .til slurp series, the first 

;<e' . s t • '.-''tt ’• mii'ii s i»j the ptiiutp.il series, one of 

tt.« » Mt.- t it t a stb .« »r,\itr>« j*»iptetuv. thus giving a dose 
*“i. i .; >i, ■ ■■■' > ! >« Iso it the .etie, f t,V) ~(tnP) and the 

. •> « ? *• s I '■ "'>"• pmtnttn ut It.i, ami also in Ca and 

Hi- i. 11 Vo u hip between (i/tt-f ml*) and 

,1' "if' I'-. >u t!*.<•.)• tao the series formerly 

« -I .. 1 -• • * n *• . U » bel.ttt ,e. ,i (ombiuation series 

.■! i i; - Hi tb • us. ’> hn« <\ tent 

1 1 <;' ' * • P > f* ue*.«uoe the dgn, leads to 6664,9, 
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and 298 4 lire new 

Thi* «*rtep exhibit* a remark.title type of irregularity, similar 
t«» that already found in the narrow triplets of Ba, and quite 
unsuspected from previous observation*. The usual diffuse triplet 
really consist* of six lines, the first three being quite dose, and 
forming the first and strongest " line" of the triplet; the middle 
line on rkwr itMjteiiion prove* to be a close jm.tr. The narrow 
triplet formed by the first three Itehave* like a principal series in 
itself Not only doc* it shrink to a single line In passing out toward 
the limit of the series, but its intensities are arranged in the manner 
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sketched out an arrangement for the loginning of this series in the 
that later observation* would yield lines to complete 
the series m outlined, Such lines do not, however, appear, and 
instead we have others which fail to fit into his scheme. 

The first term of the series must be the limit of the principal 
series; the limit of the series is likewise known. Hence the second 
term may he calculated, roughly, by one of the series formulae. 
Any one of two or three lines in the infra-red might serve as the 
corrc*j lending line, the second of the series; the one here chosen 
work* out best, and the rest of the series follows with reasonable 
certainty. Two of the lines run parallel to two ultra-violet lines, 
which must belong to the combination series — (mS) given 
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.»!*UH.rjii S, vl -, ?he idmttn* atom «tf this wiits, formerly known 

»*. St t, 15 hur .»<«• he;* given with greater precision, and the 
l.i -X three ,m- jk.-w. 1 hr limit i < tmnh more auuratelv determined 
ill.to l.rI in' ni il.ost v ot the telite* of thi« series and those 
of tin* Jmsd u.irnf il * lie-. n| trij<lrls makes it jimsible to obtain 
a ireful * In t i, t*ji tin talnr . oi the limits of both series, furnishing 
a d»N« I , uimn tv<n between tin* tiijdet and singlet system, in addi¬ 
tion to Uii! ;*»•.« i* In inlet v .tern torn bination,*. The limits of 
all tin .rn>* mm in I hi • paper have been adjusted to the best 
valor-i < mi' i ten* with the i* tel it tons. 

* oMion uo*v **t an * tv tin: mnu.m hvsti-m 

Srrif >, ■ ith nit*' Ihi* i* the series formerly called SLs. 
It. wave length ate a* follows: XX by 17 f»o, 504» t*t, 452(1.04, 
4-*40 40 40,1* ot, iiijft us, and 4871 54, of vvhieh several are now 
mote amtratelv known, and the last is new. The series is of 
medium ffrengfh m va< mint sources, but faint and diffuse in air. 
‘I he to h! line of this series is ptohnhly at 5.55/2, and is the first line 
of the diffuse series also, It has not yet been observed. 

.Vrrn .i ( tS ) imP). The wave lengths of this series run: 
XX 4575 4 i, jt , Sr » Jf», 2J20 U. and 2221.01, as far as they have 
been observed it is a faint series, 'I'he second line coincides 
almost evat tly with a line ot the principal series of Na, which is 
tiearlv always present as an impurity'. I have inferred the presence 
of the t’a tine only from the fact that the line was slightly stronger 
than one would cxjxn t; the identification is therefore somewhat 
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In I hr rMrcnir ti’ti.t *.» • : ■ ' * ' ' - " 

I > 4 f 

I 1 " * 

fitTItfX i!i^' f ' 4 rfru s <\ $ \ J ' 4 

l\tM*hen h«m M*m! thu* < ! < f * ' ” * 9 * - *»♦ 

tin* 

I ^ i l 4 1 

«" % *■ , , 4 

' f r *■■•■* i 

Other *erir% tiuy r*of m the hv *? /♦* < ' ' * ■*■ * » * 

faint. The whole ^rt **i *‘t r ^^ ‘ M 1 * 4 >’ <* > > * »• v asi 

of atomic hydrogen, i.in he tf|rrl~» 4v ■• urn;!* 

1 % 1 1 t f 

■>■ ** 1 1 **' -- 1 1 

where* ill general, the hnr* arr sir^ngri the nm.*Ilct .ur ilic 
integer* i anti wi I hr * * .* \<* * t • < 4 *! i**r »i §» 

always life integer nc*t larger than « § er r ! # ^ a > I.** had 

its greatest m. icce** 111 tlir c*|*htn*«f»*«ii »4 tits* 

The Smiium h%uml v •-■ The rlrttirot* oi 1 Jis% g.wmh %srld - 
Ira which arc et«*rt> ^iniilaf 1** «*itr 4 ii«*ihrr, m %4 air %irj» Sr** 
simple than that «< ItvtO'itrn mH .< *r ,4 t 'O rlttri %rfir% 
ami each line in each %rr§r% 1% d»*uM* J he o ' * <, »* a* 4 ^-aii 
hi principal, diffuse »r itr*i % 4 il*»r«lii» 4 ir, %ft*§f§» %r*-Mi$d *til* 
ordinate, and fundamental Itir taller 4 «r tatted I hr " Iterg* 
iniiiii ” *ertc* h\ Unm»m *V< \^h m*pt * pr?l . v |*«m : lcr 

wan lilt first lei inti one of this type, and Knugr llir itr*i t*» p*'»iut 
mil their true retationship* Tlte*c intif typr *rrnr« hsm rrriaiit 
Characteristic* which arc worth maun; I hr «erie* r«n- 

tain the chief line t*f the *j*cetrtnti 1 itir It tine m ihr < i*r m| \»* | # 
whiett is {iffitnccit in iliiittr^ iml milily fr% ! 'rfw*f 111 h<*fter 
sources, iltie to ’I'ltr %r|i#if*ili». : »ii til ihr jtatf* 1* n«*i 

constant in this scries* tail ttiey 4 irii$i fin * j nt 

towartl the iitiit. The ln$r^ «4 »* jun have 

ihflltly nnttjilil jiitciiittiti, itir *tr«ngff «i|ir Immg *»tl itif *ktf 
of tic shorter wavc»tef§gtli The #h0m** anti senr* lute 
constant wavrninmlirr ilitfriiinr% m c uU f^n %u4 t»» tlial 

for the first pair tif flic firincifttl sertea 1 tlieir line* Itavc an a*|iect 
well iitdiratctf tiy their tiatiws; ami itieic inti mfm% rmirrfgc 
to a common limit* The stronger line in each fiair here the 
one of longer wawdtiigll. They rcifitifi? higher tciii|«fatnrci 
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*'i h,- • •''•< their production than does the 

i ,! I 'l’i- i'S*' i:o: 'i,f ;j scries is a taint series of 

i\f<! « | a -a , V.‘\: mi tin i i,i.is in the ultra-red; its name is 

" i 1 . il ?! M 4 * !** i III!)' 

^ '!*•*' '<"• '< in.n lie represented approximately by a 

'"inm! i >•) 'aIjuIi tiii'te atv several types, '[‘he general 

t\|*r 

i \ X 

I r * v ^ ^ t ti p I m I II § ; i rn I )* 

tthnr X $ - thr i‘uiHt;iiit f a-t before* though there 

smlt* • iu/4 ti% \ ahir %!isiiil«t ehange slightly; n ami m are 
varalile unm i . v having a single value for the whole of a 
rim s, v.h'ic m takes ,» ,et ot internal values in succession; a and 
b .nr - mi t un , and the uuntiotis / f«t and f\m) may take many 
injiii., rn 'in- '5 them ipiste ati .taetory hair success is obtained 
I'V v.hhij- tin* iimi ti*ue. the f<»nn e n J ami d/m a , c and d being 
tn e. .. ii .t.uU . hut tu uum ease*, no simple form can possibly 
set vr t a the .>■ iMii.'tnui ?, l he portion of the <lenominator 
w t Him a ■ ,t i a ts static!lines referred to for brevity as the 
“ t.- i.lu.d "; it In ail.1 ettle down to a constant value as we 
pi><. ted tort u<l tin limit ol tin* series, and usually does so with 
} tptduv Hir e tot timin' have as vet no very sound theoretical 
ha i a nor ait* e tablishrd .uni universal shape; hence it has proved 
• iimeiiirnt to d* dgr the iptestion of how they should lie written 
h> n un; aHirevtaUoiis !u the almvc general formula the right- 
hand halt <«t the r\pree*i,*ri for the wave-numljcr is what we 
have alte.idv called the term, and we indicate it by the symlxd 
< in hi, no Miattet hmv complex the formula actually used might 
!,«• 1 he Settei bracketed with m in this symlxtl is usually chosen 

to indicate the -rues to which it refers; thus, the letters p,s,d 
ami / tetri le-.pn tuelv to the principal, sharp, diffuse and funda¬ 
mental senes, tor example, (i,p> stands for the first term of the 
principal series t , 4 .s j f«u the third term of the sharp. In the case 
of such elements as have seiies of other sorts lx?skle pairs, the 
letters indicate the »ort; thin in stieh elements, for example in Ca, 
small letterx are used tor series of triplets, large letters for single- 
hue (*' singlet ” l series, and tireek letters for pair series, except 
that (ieriitan authors have so far used old Ciothic letters instead of 
i deck. These distinction* are, naturally, not to be made, and have 
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no meaning in the ease *<t tin- elements <*i the sodium lamily, 
where all series are pairs. 

The variable integer in has Us lowest vaim j. a the hist line 
of the series. In m* ease*, hut those of hydrogen ami n•ui/etl 
helium can this integer !*• dehnitelv settled vet , m l.u t, since m 
is always associated u ith an at hied c> uist.mt whose value i. any¬ 
thing we please, the value >»t >n become-, wpwlh adjustable t U-r- 
nian writers use for the first line <*» the to the value in _> 
in the ease of the prineipal series, ; :<*r the diltu*c ,md ,j tor the 
fundamental, while for She sharp tint use value, intermediate 
between integers, iiamch I 5, ,1 *, ,5 5, etc N*me hughsli speak¬ 
ing writers prefer to put in t !•*» all first hues; such theoretical 
indications as there are ratlin tavot the < .ctmatt custom. 

A prineipal series may In- written, in the sonUihi- wav ex¬ 
plained al*»ve, t A (t.s) t m,p). The hum of the series is the 
term (t ,s), which is the tit 4 tertu >4 the hup ,cne , a-, the 
letter indicates. This « otmcitt<ni 1 « t >v 0*11 tin- pi :it, i;*.d ainl sharp 
series aniotuits to s,tv nij* that tSirv hac« ,t !:M mnnh*i m 1 • >uim- *11. 
On this idea, tin tiist line «4 the pint* :p d ha * the wave* 

numlter ( t.sf t t,p|, while the lit t hue -u the http .erie-, j* 
(l.p) (t.s), Tile latter i> negative, ai »d it Ui'f-lit w«T he ohjr< ted 
tlmt a negative wave number t*. im-amngb 1 he U>>ht flu ory 
offers a possible explanation ot tlti*. iuii>>n * a e, and tuber, 01 the 
same sort, as imliealed Mow, The A* 0/M4 ,s» Aro?, r Aw says 
that the wave tmmlier difference between the hunt ot tin prineipal 
series and the limit of the dtatp and the diffuse rtirs 1 which they 
share in common I i*. ecjttal St* the wave mimM ««t the tu 4 lute ot 
the pi itteipal series. It tin * i- othnwi e « spies •«*>! it amounts tu 
saying that the limit of the .harp .tries t>, the ht-t trim of the 
principal. This fact was it set I above m w ittmg the ttr-t line of 
the sharp series as (t,p) 1 1 , -<) *1 lie whole m the- srtif, would 

In* indicated by t /A (t ,p j < ttt.s t, 

The diffuse series i% given hv the formula t A u.pf > m d t. 
The terms (mall and (m.pt are each double in the ivr.r **! jtair 
series, and in reality the cliffuw pair contain*, finer lines, the first 
and stronger line having a faint satellite l hi» i. noticeable 
only in the case of wide pairs «♦*»/, Uh and i\i, and even 
then only in the first few series ntemliers, for the reason that 
the satellite and the major hue close tip together 

The fundamental series is given hv t a ft.df ttn.ff Its 
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limit U the iirst term oi the t It It 11 >t* series, a law due to Range. 
The terms ( m,t ) are al-o double, though very close in most cases. 
Since the two values ot t t ,d t are not tar apart, this series con¬ 
sists tit narrow pairs, ot which each line is itself a close douhle. 
While this complexity has Itecn found only for (. s, there is every 
reason to Induce that it is general. We are dealing here with 
what is generally called the " tine structure ” of the lines, and a 
great many series lines prove to lie complex when examined under 
the highest resolving powers. In most eases this complexity is so 
difficult to observe that we may safely ignore it. 

kit/, formulated a so-called " combination law" to the effect 
that any two terms, chosen from among the lists of those in the 
tour type-series, might lx* combined, and their difference would 
give a wave-mmilier which might corresjiond to a real line, ('om- 
biuations which occur more or less commonly are as follows: 
ft.pl (nt.pl; <-*.*') t tn.p); ( J.p)-(m.d); (-\p)(m.s); (a,d) 

(m.f 1; etc. < If these the first, but only the first, are similar to 
difference tones in acoustics. In such elements as have systems of 
triplet and singlet series («•.»/., ‘An, t a, etc.), there also occur inter¬ 
system combinations, of which the most important is (i,S)- 
(imp...), Here the (tn.p) terms are triple, but the combination 
occurs only with the middle value, indicated hy the subscript. 

Ott the Imsis of the modern theory, the Ritz combination prin¬ 
ciple can lie given a simple physical interpretation. If the outer 
electrons in the atom can exist in a mtmlx:r of different stationary 
states, in each of which their energy has a definite value, then the 
radiation is supposed to occur on the transfer of an electron from 
one of these states to another. The change of energy which is 
involve*l in this event is proportional to the frapiency of the 
light, and the light is supposed to lx- emitted during this process 
and at no other time. Thus, the " terms " should lie proportional 
to the energy in the corresponding states, anti their differences, 
which by the combination principle give the frequency of ob¬ 
served sjieetrum lines, .are proportional to the changes in energy 
associated with the transfer of an electron from one state 
to another. On this theory, if a negative wave-number occurs, 
it indicates merely that the electron passes from one state to the 
other in a direction opposite to that which we might expect on 
spectroscopic grounds, and this idea involves no special difficulty. 

The entire spectrum of Li,Na,K,Rl> or Cs could then lx: writ¬ 
ten as i/A=(i,s)-(m,p); t/A =( i,p)-(m,s); i/A (i,p)-(m,d); 



8 


\ m i % m. u 1 * s s \ . \ | 

1 

i A i s,ti i i m,i k t >v\ut : n t:, >* f 1 < is -m 

lime term* Vn»>! “} fh i %h *d • * #> i .‘,}r 

ill the nil im s «4 .hi.! .sn n t > * rt <' ' * f f * ^ * me j 

likely 1 h lae 1 i iii!. I *s i<' m *’ - 1 * * n , 

observe* I ill all I!i§‘ >4 ‘» M » f "1 ‘ ^ , ■ ‘ *• h < r f * | 

j*i\e the * let ask m the ii rt r^r- j 

In i<*ii!j»iiSnn; ihr s}rddi •> , t.‘" * 1 ' '• ?! n I 

interesting to n*4% Hiil ?4r w i /A ' * > i ** 1 * i u a: r 

ilpproMtiMteh lie m,h m a r i 1 % i » m * i * ^ ?!ir 

utntuie iiiimliir m tUr element r, i* f A * . * A <‘mak«4 tluf ^ 

tlir spec! mm ;t% a u!r<!r -little ! mo 1 A r r * A m** - h ith 

tttiTeadff^ nt><lt*tf Wrm t n! a «'0' f r :' d «‘ I * ' f a <-* h.\U\> II 

eotisiileiaiiotis tlirmtirt ap$*'a* t A 

All llirn rlriiltilf * p!« A 1 A j • ^ . r 'l!in -ponnm 4* u\ 

{irailirall) IllskllMttll I I a> v ’ f :f ' i aw A. - 4 ' ■ 1 n Ar A ^ "r t 

element* Huh lia* Writ i air t *Ae \> A f * *< , * * H'Un, j 

lull it llll^lll titllrt tm I ilU'tl dir y?i\iu 1 ’!#, r , '; ( -l«iW 1 

It is [MStintlai h im-% villi the rlnirSfi + ^nvla 1 Iri.itli ! 

«mr rlnlmii tlir 4l**m iUc a*,’ ^ a*^rai I 

whm rlriii«#in war l»i.vlirl *rn^p a *i 1 1 a.. i * *i *.hr .r 

14 i 

irlliriint, lllll^ £\\ 114; II, »lir . j* \u ,*i '' ^ .<A « ;i %4aU 

«ill! iSnlfiiii, As tlir n 4 ?!iv, < ^ * ’A\A, ^ lia^r f 

a sfrtuliiii ir^niilili«i|t tlir ini rsnrifHt d f hr 1 % h %lt s^!* !r 

jeft\ taf 4i\ i p , to \mii, «i, , 1 ! i. n r, «*; iUrf ;f !■* I 

ilitlirttli Im frar nil 4 ha^iu! Ar^U^f\ A n \ -id thr y d tvm m 

t|ti4^linlt It Is }»l«i!ial 4 lr lliaf llir ^ * #1 dldl* Ja'ift « ? , d < ^4 a{'.|i $i^ 

arc tttkfttftn ni iJih ^ritmn milt tlir j 4 -?.v 

‘lilt* C Uli wi#d/il|»i iMIllldj ' III* d;|* I • lh* far A *< l tim rH I 

.\lrtiiir!rj«*ff\ f»tltlr ni lltr rlnnrttf^ vi fail ar 

HjtiHillt, wlllill Mi* lint in irl ijlllfr r^I4|4r!rr* ts^ fr^ I. ^ 1 I H li f 

rntitiiiii^ at |r;isf Imir t%{*r mm m r.^Ii , * it*** \% dr*^, m mr | 

t»t u It tilt I lu* linrs arr all ttd|»!rl*n in lltr ♦alirf nrdUd' In a4 h ] 

tl«*ft, till* s|livtrttltt lit fill* lMllin-4 rIrlittiil I*. «.tfi$id tralfh |i«^ 
fllirrtl, giviiti» list* If 1 an nti|rjirti«frtit U»« ^ Avui ll§'s isnir 5 

*11 pairs, as ntir mi^lti rujini, anrr luilt *asr rk% stnn ^nair, iStr 
atnitiif sirttrltirr «f this family 4t»»tiSfl irsnnlk f!n»! -t tfr %-nlmiii - 

family* fit rarli syslntt ttmMmn^n atm H4W, ,m4 itt r\ 4ir l 

apjiamttlv nmrr iitijtnrfaitt with lltr Itraun rlniinif^ w Im It rm , 

tin* rirtirr sjitTlra, Inirr^i ^init wun nr lirtr ind 

met with, as nti*tttinstrf{ ahnr Tftrfr air ^ihn iiMlwts nf tln^r 
sjHvtra as yrt tsnr%|ilantr4 mi<! ttt s *imr /1 *r, ^n» hmd4’|r*l^r m 



M* < O 1 ' .* * - « < /. v *4 if §, i Ur t|*i t k , |^ tSJJi m| 

!L s ;*. |% 4 } ■ - ' Jj i # ^ ^ ^ i Av n '.ln!^i 

* y o * *' f • ; - *< * * 1 *■ | * * r. ”i#s *4 < o *o««' !ikr 

f ' * * *f 4 » 1 ' / 1 * * » ’ « 4 r,i , ,|» fSi * ., K* ,. 1 ‘jUlU' | 

,1*- {'4'5 ' 4*M ' 1 s • * *| * * r ?.!"?«’ i 4n|.^r\, *% 41 *!! 4'* 

4ta in i* <.0* 4, v .o ,, ♦ v * ♦ -r \ur, fi^ihurd 1 >% Munrd !ti,%iniii 

I hr ah m ' ■: U* m ^A-U ' ,* »r, 1 *%^ r^inii.il rlr» lo*iO or 

|iriln%|'’< * it?^ o.*«- ,n » i il^n * *o ^lit« ^t»4Sn! $1^ ^jinltism ^*ii||f«f 

t<> Su\r .i 4'H4 .o.T.n 0« ih 0 tlir Mlliri rlrfliriilH whit'll have 

! Ill ^ * 4 ! ifi tin 4 ! O Jiuf* \ 0 » \\v t rU 1 1 $$\ 0 # tlir i a *v It 

, or *4 llirM* rSr* !? 4't -4 1 t r ironed, liir **n*mtt‘ dfttifttfr 4t»ttlSi| 
|if*#t 40 r^V’tiaJ H » irulatn * n# that *0 til dr« »jfr$v ;nnl tit lari I fit? 

**|M 4 mnn 44it 4 w Ilr a 4* a 4 <4 »air nftr% following flu* 

fniliiiri u tmnhi, ,io i o»r dr 1, cwtX r* that *d H» in two 
< |Jks |Mi|t » n tW ,|M 4 ! 5 '.tin, with fall jiii 44 };ri I* *4 I lie doowri)* 
ininfti.iiH, *4, as!I ir 4t tlir^r pat all* I ^rttr^ ’there 1 * a dtf- 

trim* r, It*^.n rf dated t*i tin 4't$r^ *#t tMftt/rd Mg» I 4 * ele , that 

,|\ mint hr ti r#I iia.tc.iil \ ifa-Si ttt 1 hr %r«t«4 luriitiihi* awl 
Ih-hr* thrioii r \ |4 «ifi 1 ills % 4^ t!in ?** I hr jisrH’iirr i»i lltr rxlra, 
uiiImIuvhc»I kS t4i£*r 441 1 hr iniikti 1 ^ nl lltr 

V\ Sicti ar } 4 v, %i*an h*mevr$ * nr *tfr ilraliitg* itilhtuif 
lltr It mi ini nt* 4iit* ilt#4*n m I.riiNaitil 1.4itfpittif‘ t Willi a nihiral 
nl^sin uln^ir 1 ilit *it n *tt •f hi at 14 tr t\\m tr 4 in Itr very wmplrx^ 
V* 4 1114*111 o| i*Hf ltn% 14 lhr 4 .iw% ami *»tily nwiilly h*H tliii 
vj^ftttint t*rrtt tii^r*^ftilli atlarkr 4 * in it ma^lrrfy «itrin*hr liy 
\\%‘ t hrn fir I tin hi mir witr* lint rarli 11 Irnti M nf nidi 

wtif 4 ft ally %Tfi iMiuf*lr\, rnii^i^tiitg jirfkt|i^ uf liii h hldy 
a f jMiafrtl Intis* fltrtnhiiig, liniiriTf* mi {timing niit alntig the 
*»n iltMiiifh imi in any %in${ifr iiiaiiiirr, The Hjmirniii of iniii/.etl 
Xr«n lia% it*4 >ii krn tilrnliltrih itinl the eoitijilrxify of iH ordi¬ 
nal i f»jrtirtini h '♦mil llwl $1 i%4wiitifiii if we yet know all alimit it. 
Argon i% npialli' nrti in Stitts *«i«l the ^ftitly of it* k 

4 |i|irire«nlv yielding rr^nli* ^iinewhal dinilar t«i llio»e for Ne, 
Hie ( «, Ji|* Ji# Cfrnuf.—Tliev eomliine the feitltircs 

til ifir Km gr« 4 i(i i|fiti! ^ymem ) with %«mie of the eharaeteristies 
id XV and A, and they' have not yd lieeii adwjiiitely «tiidied 
tint ftfteifra of the miiirnl eldftettH have not \n*m% dearly isolated. 

Tkf Ah In, Ti A*mm% nent to the At group* we 

rtitirii In jair ty^teitii an in Na» hut the spectra of the ionized 
timmtu contain «y>tems of triplets and singlets, which one 
would ea|«ect hy analogy to resemble the ordinary (undontzed) 
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spectra of till* t *,i go *il|* 1 hr p.O! ' v -tci.;, ? >• us h wrh known. 

the ulfirrs jinirliiMll> unM««nu» , Uu \ *u un-eu; dw .hmt w 4 \ r 

lengths, as one might utitnijuu m ?’> the 'hr m 

an unbalanced m stem de »u!d V m 4:-; do so r a r she 1 r ^ 

uf vibration mure rapid 

The /•VenirnfA 4? nV 4 .4 ^ 1 o ;r* I os 'p*n 4 4 1 4f | t j 

Si >1 Si i\V tlriiililt* Mgtls ot .el’tev, hut Imo |« u ! ; rr*| jut! ^ ■ 

Iished, Analogy indicates tint fhr ^id ‘on .5*0 n 4 h up 1 4 M s, 
tain two related systems ni sene*., jwn !?«»p, . 1 nm;Vu oto! tnpleis 
and that the ioni/ed element should 10ic* ,4 on dr o .n-us, peihaps 
of pairs, Hie latter speitrtutt demld W 1*4 4 1 * * Ai,en ued these 
tore difficult to separate trout tin owne ? 

The t»tlirr elements 111 the* column h»»w p.u.db! <u 

lines, scattered at what seem ?** U* 1 and* on 4 v**,d*. f lie an.dw* 
tif the spectrum of Won, w Sit At orsord 1 * * .ns.rn oaJt 
hut was shown to Im* made up ot '.rnev !e*d. it, t-< h «p< thu 4 
similar result will f*e fotitnl ft* li «44 in t!we , .e.e-. ,i5v,, hut the 
work has not yet Iwti carried out I hr »,<■ rj^ups *%*j. umwr what 
has lieeit called the ** second fijtc of nuetittiti ” n: • i j«stt4 

77ie Elements # 1 / f/ie A‘ifro«/r#t to uf I In* *,nsir nituih* 
may lie made in regard I** this uiittli <u element'. ,»ppj* to tin* 
preceding, except that one mould rspnt the an .ingrown* **f the 
ordinary spectrum and the sjnvfiisin m$ the mnt-rd Anumi n* !r 
interchanged. No snirs luir as trt fun worked # fist lour, hut 
obvious triplets and pairs laetir nt X 1 hr Iw.iun r’emcm . tom 
tain parallel groups, 

7 Vie Elements 0/ the Mtv*/c« 1 he t hnysi family 

contains two systems of series, pairs and lupins, win# It ,mtt U*th 
to come front the ordinary afoot Appatnith iltr %j^«iimn of 

the iont/ed element is iltr * # spark ** sjrrli iiiti mlnrli ^ well Un<mn, 
hut rather complex, and in winch tio repulafiltrs hair vet 
Iteen found, 

7 Vie EJ$*$$kmis 0/ flic C 'hUwrn? f#Vinif • • Tlirsr put complex 
spectra most of which have not yet shown auv svsfrmafu' arfatige- 
ment* though IVdtrti has very ?errmly shown flat mm/rd f*l 

gives series of triplets. 

The Ee~t*t EJemeiits ■ *• lltese elemrnis also give verv complex 
spectra, though a patient analysis of a few of them fia% lidded 
parallel groups. It seems at present qmie h»»j*rless to attempt to 

arrange these xjmlra ifito xertr#, 

Tltts f>rtef survey of our knowledge of sjiretrtifti srrirs %rrws 
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In 4pa\ ifiiitr dr;uh \u*w limrlnl IJi;*l KnuuJrtl^r i\ and h*»u 
hi grist f 1 ' l!i'- )««'«•■! ! -1 ii)> •! »■ » < *jK« }a hi llti', important held. 
!' v r iv :» h S'«HS(<- >; ' . ’ *■ U* •'! excitation, at once iipetis 

up an <• \trt!- n r i»dd ■? «• s mirnt.il investigation, a** it diould he 
tiled < nt t‘*t al! |i«rlriiirm-. in all p< *-sil<lr jiat >«t tin- 
tl mu Lot i, rat a! lea-4 tu • ■ -tldi modes > ( j excitation were 
dev•*!< which haw gie.tt imeiest tin- high vacuum spark used 
In Millikan ! • **irak urn g found »i*ih* ii|» the shortest wave¬ 
length*. and the method of explo .!o«j < ■} very thin u ires used 
In Andris.»t« i ; .tdi i.j these |ir<.iuisrs to \ ield interesting new 
s|«rcfi.», and should l*r m< >*.t *aretully studied front a series stand 
point t Hlief methods w ill doubtless he developed in Iftv future. 

A genital unit w * »t the senes spectra of file elements yields 
two lieu Ian s, inrntlv stated hy K«<ssi J and Sommer teld on the 
basts *.i ev idriti e .till m* <>mplrte, though their probable validity 
has long Iweti t r* < i|.'lll/ed 

1 hr in st mj these i. that I In- sjtri triitn id an ionized element 
i !a» knit; * ‘He e’ei i. like that »n the element in the next 

C'linmn to the !*■ 11 :tt Mend* h*trt|\ table, tshitted toward 
heghrt sir«jn< tn u •, t<a example, uuti/cd ('a t i a’ i give*. a s(kv- 
ttnm vetv like that ot K , and tin- would he expected sine** each 
ha. hut >.!»’ external clctttoii 

1 h«* -a**oud Ian <tate. that the spectra alternate in diameter 
m passing ai lo-.s Mendeh*jell's fable I hits the sjieetra of Xa 
atid Al ion a t ot pan sci ie*. and tr .emhle each other dosely; X is 
jitohahlv 41)111 it < a, St and S have many features in enmmuit, 
and * a* h probably tnrni .hes two sets of series, singlets aiui triplets. 
Hits eonld not 1 m- tore seen trom considerations «if atomic state* 
lute, hut indicate*. that when electrons are added to the outside 
ot an atom, a***cut * in passing tiont left to right across the tahle, 
the tie* touts have a strong tendency to unite into rat Iter inactive 
paits; thus the speetntm of AI apjiear* to Ik* that due to a single 
external electron, though there must Ik* three present; Imt two of 
the.r are so dosdv Itotmd together that they do not take part in 
the emission of light Langmuir has recently railed attention to 
this tendency of electrons to form pairs, on the basis of quite 
different evidence. That other Jaws of general interest will come 
out of such study cannot Ik* doubted, anti it is earnestly hoped 
that the near future will witness a vigorous development of 
this subject. 

jr.m«Mw Pursiest. UmiAWir, 

Harvard Unimiirv. 




